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ABSTRACT

Scientific Development of an Integrated Workflow for Latent Print, Questioned Document, and
DNA Processing of Paper Evidence
by

Ashley Gleason Morgan

Advisor: Mechthild Prinz, M.S., Ph.D.
Touch paper evidence could be the source of probative human DNA but recovery is
challenging and forensic laboratories instead prioritize processing by the Latent Print and
Questioned Document disciplines. Recent advances in DNA collection methods and the
increased sensitivity of STR typing kits have improved success rates for DNA testing of paper
evidence; but prior to implementing DNA collection, laboratories have to decide in which order
to examine paper for the different types of forensic evidence. This thesis developed and tested a
multi-discipline workflow for processing paper evidence by DNA, Latent Prints and Questioned
Documents experts. Preliminary sampling studies indicated swabbing twice with a dry swab and
vacuuming the surface were comparable in DNA recovery and did not impact the subsequent
paper evidence results for Latent Prints or Questioned Documents. Improved quality of detected
prints was observed with 1,2- indanedione zinc chloride treatment. DNA swabbing of the paper
and/or EDD film during Questioned Document processing did not improve DNA yields. The
proposed paper evidence workflow of DNA processing followed by Questioned Document
processing, and Latent Print processing was tested on handwritten notes from a variety of donors
and on different types of paper. Large sheets of paper, like copy and notepad paper, yielded
between 67% and 92% interpretable DNA profiles. Controlled indented impressions and latent
prints of value were detected as expected following DNA processing, validating the workflow.
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The project also evaluated the stability of DNA deposited on paper by touching and showed that
DNA remained stable over a twelve-month span.
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CHAPTER 1. INTRODUCTION
Paper evidence is commonly encountered in crimes of robbery, forgery, and aggravated
harassment. Much of the paper evidence is in the form of handwritten notes on a variety of paper
types including notebook paper, deposit slips, pieces of brown paper bag, and cardboard. This
type of evidence is handled by the perpetrator, leaving behind fingerprints and palm prints that
may contain small amounts of deoxyribonucleic acid (DNA). Paper evidence may also contain
invisible indented writing that could provide valuable investigative leads.
As with other physical evidence, the crime type and the potential of identifying a suspect
guide the analyses requested by an investigator. For evidence items that require multiple types of
analysis the crime laboratory must determine the order of testing to optimize processing for each
unit. This also applies to handwritten notes. Evidence acceptance polices dictate how paper
evidence flows through a multi-discipline crime laboratory. These policies must be based on
scientific data and ensure the integrity of the evidence for processing in all disciplines requested.
Collaboration in evidence processing through the different laboratory disciplines requires a basic
understanding of each section’s standard operating procedures and the various processes that a
piece of evidence will undergo. Depending on the goal of the requested testing, the evidence may
only be submitted to the discipline that is most likely to obtain an investigative lead or
identification.
Paper evidence is typically submitted for Questioned Document (QD) analysis followed
by Latent Print (LP) analysis. DNA typing is attempted less often due to known difficulties with
sample collection and extraction. Once QD and LP processing is complete, the evidence is
returned to the property and evidence unit, where it remains until disposition after the case is
adjudicated. The Questioned Document exam may include: indention/impression
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analysis, handwriting analysis, and type analysis. Document analysis begins with a visual
examination of the evidence, followed by the electrostatic detection device (EDD). A paper
sample is placed on a vacuum base and the vacuum is applied to induce suction of the paper onto
the vacuum bed (Foster & Morantz, 1979). A thin film is placed on top of the paper sample to
create a “sandwich”. The corona wire wand is used to charge the surface of the “sandwich” to
create an electrostatic image of the indented impressions (Foster & Freeman, n.d.; Foster &
Morantz, 1979). The presence of the impressions causes a difference in electric potential on the
film surface and attracts charged toner to indented impressions, generating a visible image of the
impressions on the film surface (Foster & Morantz, 1979). After development, the impressions
may be preserved through photography or a transparent adhesive cover.
Depending on evidence characteristics and case type, additional QD processing may
follow. During the exam, the paper may be handled, marked, photocopied, undergo exposure to
humidity, and undergo exposure to alternate light sources (ALS) such as infrared (IR) and ultraviolet (UV) sources (Jeffrey Taylor, personal communication, April 2017). Evidence is handled
with gloves to protect possible fingermarks, but despite precautions there is the potential for
introduction of extraneous DNA at each step of the process.
Once the document exam is complete, the evidence is processed by the Latent Print unit.
The Latent Print exam involves visual observation and chemical treatment, such as 1,8diazafluoren-9-one (DFO), ninhydrin, and 1,2-indanedione, to visualize latent prints. The
application of the chemical treatment may involve dipping or spraying of the evidence and use of
heat and/or humidity to speed the chemical reaction between the amino acids of the latent print
and the chemical treatment (Manishi Agarwal, personal communication, April 2017). The use of
heat and/or humidity may degrade or destroy DNA present on the evidence. Additionally, the use
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of a dip or spray method may rinse DNA from the surface or introduce exogenous DNA. The
methods used in processing may be detrimental to the recovery of DNA from the evidence.
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CHAPTER 2. LITERATURE REVIEW
2.1

Questioned document analysis by electrostatic detection device
Paper evidence submitted for Questioned Document exam is photographed, photocopied,

and may undergo processing with the electrostatic detection device (EDD), VSC5000 analysis or
ultra-violet (UV) analysis. EDD is a non-destructive method of detecting indented impressions
from paper after pre-treatment with a humidity chamber (Foster & Morantz, 1979; Noblett &
James, 1983). The relative humidity of the laboratory environment impacts the amount of time
needed in the humidity chamber. Work by Noblett and James (1983) suggests the optimal time
frame and condition is 5 minutes at 40-60% relative humidity to obtain quality indented
impressions; however, a maximum of 8-15 minutes humidity exposure was recommended by
Riebeling and Kobus (1994). Azoury et al. (2003) observed a positive impact on subsequent
latent print development when the paper sample was exposed to a maximum of two minutes
humidity prior to EDD and development with ninhydrin and indanedione. In practice, samples
will be subjected to one to two minutes in the humidity chamber to optimize indented
impressions and minimize impacts to latent print development.
The working theory for visualization of the indented impressions is that the impressions
generate areas of more positive potential on the film. The negative toner is attracted to the
positive potential of the impressed areas and repelled by the more negative un-indented areas of
the document (Foster & Morantz, 1979). Building off this theory, the areas of positive potential
may attract other negatively charged molecules, such as nucleic acids. The charge attraction may
be exploited for DNA collection from paper evidence by swabbing of the film or combined
swabbing of the paper and the film. Plaza et al. (2015) demonstrated limited success in swabbing
of the film following EDD processing. DNA profiles were obtained from samples collected from
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the film; however, many were partial. When compared to the traditional dry swabbing of the
paper surface, the film swabbing performed less successfully. Combining of the paper swabbing
and film swabbing may improve DNA recovery and profile success. Additionally, testing a few
different swab materials may improve DNA collection from the targeted surfaces.

Latent print treatment prior to EDD processing may negatively affect indented
impressions and visible writing. Exposure to chemical treatment may cause inks to bleed and
obliterate or distort indented impressions. Therefore, the inverse workflow may be more
appropriate. Noblett and James (1983) found that EDD processing prior to latent fingerprint
processing is not detrimental to latent print development; however, they did not evaluate the
quality or quantity of latent prints detected. Moore (1988) determined exposure to humidity for
EDD processing prior to latent print chemical treatment may negatively impact the fingerprint
development with ninhydrin. Moore (1988) observed that the more time a paper sample spent in
the humidity chamber, the worse the latent print development outcome, especially for 30 minute
and 60 minute exposures. This result is consistent with the findings of Azoury et al. (2003) who
observed a degradation of latent prints with greater than two minutes exposure to humidity. An
enhancement of latent prints was observed for two-minute humidity exposure (Azoury et al.,
2003).
The EDD may be used to detect latent fingermarks (Zampa et al., 2021). Sebaceous

fingermarks could be detected with EDD up to 12 days post deposition on a paper. This
technique was not successful for detecting natural fingermarks after a day; however, eccrine
marks from all subjects were also detected. Zampa et al. (2021) suggested this method may be

useful as a screening tool for latent fingermarks and in some cases, the marks detected by EDD
demonstrated more detail than those detected after chemical print development.
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DNA collection after EDD processing demonstrated robust HLA DQ alpha PCR typing

results (Presley et al., 1993). Their work supports the idea of processing paper evidence for DNA
immediately following EDD processing. One limitation of the study was that the target was
saliva evidence. It is more common that paper evidence that would be shared among the three

forensic disciplines only contains touch or trace amounts of DNA from fingermarks. Further
investigation into this order of operations should use touch DNA samples since such samples are
more susceptible to degradation and loss. Plaza et al. (2015) processed paper samples with
fingermarks using the EDD with combined DNA sampling and used fingermarks detected by the
EDD to guide the areas sampled for DNA. This approach may warrant further investigation for a
proposed workflow.
Another factor to consider in the possible workflow is the ease of processing and
preparation of workspace. Much of the equipment used for conducting Questioned Document
examinations is not easily cleaned and may introduce exogenous DNA or destroy the DNA
present on the paper surface (Parsons et al., 2016). Sampling for DNA prior to QD exam presents
its own challenges. Use of dry (swab technique using a dry swab or two dry swabs) or wet/dry
(double swab technique with a wet swab followed by a dry swab) swabbing may cause inks to
bleed and distort any indentations or impressions that are present (Parsons et al., 2016).
From the literature, it is evident that a coordinated approach to processing paper evidence

is needed. An evaluation of collection and development methods should guide the order of
processing and the proposed workflow. Based on previous research, testing workflows in which
paper evidence is processed for DNA either prior to or in tandem with EDD and LP treatment

may be valuable. Formulation of the workflow should consider the amount of time the sample is
exposed to humidity, how the humidity may impact downstream processing, and the interaction
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of the paper surface with the film with the possible charge attraction of DNA to the film surface.

Ultimately, a workflow should be developed that maximizes the evidential value for each
discipline.

2.2

Fingerprints
Fingerprints are formed during fetal development and arise from the friction ridges

(papillary ridges) of the epidermis of the skin on the fingers (DeForest et al., 1983). On the
ridges of the epidermis are sweat pores that connect to sweat glands in the dermis layer of the
skin (Federal Bureau of Investigation, 2011). Friction ridges create a series of ridges and grooves
that form patterns that can be classified for evaluation and comparison. Sets of fingerprints are
unique to a person and may be used for identification of an individual who made contact with a
particular surface (DeForest et al., 1983). When an individual touches a surface with bare
fingertips, they may deposit fingerprints. Such prints may be visible without treatment (opaque
prints), or can be enhanced with fingerprint powder or chemical treatment (latent prints).

2.2.1

Latent fingerprint visualization
Latent fingerprints are not visible under ambient light conditions. Latent fingerprints are

composed of sebaceous secretions, such as oils from touching a sebaceous skin area like the face,
and sweat secretions from the pores of the sweat glands of the finger tips. Sweat secretions are
primarily composed of water and about 1.5% other organic and inorganic solids such as fatty
acids, sugars, ammonia, amino acids, proteins, and ions such as sodium, potassium, calcium,
chloride, phosphate, sulfate, and carbonate (DeForest et. al., 1983). The components of the sweat
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secretions commonly found in latent fingerprints are integral to the success of chemical
development methods.
The treatment applied is dependent on the surface type, evidence condition, and success
of initial examination/treatment. Examination and treatment of non-porous surfaces include
visual examination, powder dusting, use of oblique lighting and photography, fluorescence using
an alternate light source, cyanoacrylate fuming, and vacuum metal deposition (DeForest et. al.,
1983; Trozzi et al., 2000). For porous surfaces, visual examination is performed; however,
chemical development is required. Chemical processing methods include iodine fuming, 1,8Diazafluoren-9-one (DFO), ninhydrin, and physical developer (Trozzi et al., 2000).
The most used methods of chemical treatment for paper include DFO, ninhydrin, and 1,2indanedione, which all react with amino acids (Sirchie, 2011a; Sirchie, 2011b; Sirchie, 2014).
Cellulose in paper forms bonds with amino acids, so chemical treatments that react with amino
acids of latent prints are well-suited for use with these substrates (Sirchie, 2011b). DFO is useful
for developing prints on multi-colored porous surfaces due to its fluorescent properties that can
be photographically captured for comparison (Sirchie, 2011a). Ninhydrin forms a purple
complex (Ruhemann’s purple) that is visible under ambient light conditions (Sirchie, 2011b).
1,2-indanedione treatment develops prints that fluoresce and are visualized with an alternate light
source (ALS) and a color barrier filter (Ramotowski et al., 1997; Sirchie, 2014). Occasionally,
latent prints developed with 1,2-indanedione may be visualized in ambient light as a light pink
print (Sirchie, 2014). To prevent fading of the 1,2-indanedione developed prints, zinc chloride
may be included in the initial treatment or applied after treatment (Sirchie, 2014).

2.2.2

Latent fingerprints and DNA
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When an individual touches a surface with bare hands, they may not only leave
fingermarks but may also deposit DNA. In these instances, sharing the evidence between the
DNA and Latent Print units will maximize its forensic usefulness. As discussed before the order
of sampling, method of DNA collection, and chemical LP treatment must be chosen carefully.
Preliminary investigation of LP treatment and subsequent DNA recovery from bloody
fingerprints demonstrated no significant difference between treated and non-treated samples
(Stein et al., 1996). Raymond et al. (2004) observed no significant difference in DNA recovery
for LP treated and untreated natural print samples from plastic, tape and glass. Similar studies by
Balogh et al. (2003), Sewell et al. (2008), and Norlin et al. (2013) did not support the findings of
Stein et al. (1996) and Raymond et al. (2004). Lower DNA recovery and more incomplete DNA
profiles were observed for treated fingerprint samples compared to those that were untreated.
Additional work by Tsai et al. (2016) showed iodine fuming and 1,2-indanedione treated paper
samples yielded DNA profile results with no statistically significant difference in quantity or
quality of DNA recovered before and after treatment. This result does not support previous
findings and suggests that the specific chemical used to develop the prints may impact the DNA
recovery from treated paper samples.
Avoiding DNA contamination is an important consideration when evaluating potential
workflows. For samples that undergo latent print treatment prior to DNA sample collection, the
Latent Print treatment area must be cleaned before and after each sample. If using the dip method
for development, the solution must be changed after every sample and the container must be
cleaned to prevent carry over between evidence items. Additionally, the preparation of reagents
must prevent contamination from environmental DNA. A benefit for DNA sample collection
after latent print treatment is that a variety of collection methods may be employed. Cutting, dry
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swabbing, and wet/dry swabbing may be appropriate depending on the sample size and area
targeted for analysis.
Processing paper samples for DNA prior to chemical treatment for latent print
development is also a challenge. The sample collection method may partially or completely
destroy a print. Consideration to non-destructive methods must be given when testing workflows
to ensure the integrity of the evidence. For paper surfaces, sample collection with dry flocked
swabs and gel lifts has been shown to be less destructive for subsequent latent print development
(Fieldhouse et al., 2016). For paper surfaces, a dry swab technique with flocked swabs may be
less destructive for downstream processing for the Latent Print and Questioned Document
disciplines (Fieldhouse et al., 2016).
Most of the literature supports the assertion that LP treatment decreases DNA recovery
and subsequent typing success compared to samples that were not treated for latent print
detection.

2.3

DNA collection and extraction methods
Collection of fingermarks from a surface requires an understanding of the surface type

and sample being targeted. Wet swabbing with Triton X-100 demonstrated moderate success in
collection of DNA from glass, plastic, and paper surfaces (Ostojic & Wurmbach, 2017). Success
of this technique may also be related to the PrepGEM tissue extraction kit, which is a single tube
extraction method. This method minimizes tube transfer and sample handling to avoid DNA loss
and contamination during the extraction process. A similar technique using nylon FLOQswabs
pre-moistened with Triton X-100 demonstrated moderate success in obtaining partial DNA
profiles from fingermarks on plastic slides (Templeton & Linacre, 2014). Similar to the Ostojic

10

and Wurmbach (2017) study, Templeton and Linacre (2014) used a direct to PCR method for
processing the samples.
Traditional wet swabbing methods are destructive to porous surfaces; therefore, a wet
swabbing technique may only be used if the paper evidence is processed last for DNA in the
three discipline workflow. Several researchers have investigated alternative swabbing methods.
Incorporation of swabbing for DNA while processing the paper evidence with the EDD is one
option. Plaza et al. (2015) completed a preliminary investigation of this workflow by sampling
the underside of the film with wet/dry swabbing using Puritan HydraFlock swabs but found that
amounts of DNA recovered were lower compared to dry swabbing of the paper.
Due to the mixed success with the swabbing technique, investigation of other swab
materials was warranted. Further work completed by Plaza et al. (2016) demonstrated successful
recovery of DNA from charged prints (“charging” with cells and sebaceous secretions by
touching face and neck prior to deposition) from copy paper using HydraFlock swabs,
MiraSWAB microfiber swabs, and Critical Swab foam swabs. A cotton swab was used as a
control. No statistically significant difference in DNA recovery was observed between the tested
swabs and the control swab. Bruijns et al. (2018) investigated other swab materials and found
that nylon flocked swabs had better extraction and recovery efficiency compared to traditional
cotton swabs.
Mixed success has been observed with traditional double swabbing involving wet/dry
swabbing. A recent comparison of wet/dry double swabbing and single wet swabbing indicated
the majority of the DNA is collected on the wet swab first collected compared to the dry swab
collected in sequence (Hedman et al., 2020). This study challenges the traditionally held view
that wet/dry swabbing is the optimal method for collecting DNA samples. Another factor is the
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moistening agent. Van Oorschot et al. (2010) found little literature to support the overwhelming
use of deionized water to moisten the swabs and suggests additional studies are needed to
determine the optimal solution for collecting DNA from a surface.
Other alternatives to the traditional double swab technique have been evaluated for
recovery of DNA from paper. Paper cuttings and dry swabbing perform comparably for samples
treated chemically for latent fingerprint development (Balogh et al., 2003). Similar results were
observed by Raymond et al. (2004), suggesting that the chemical treatment may not
detrimentally impact the DNA recovery from direct cutting samples. Direct cuttings of
ninhydrin-treated brown paper demonstrated lower DNA recovery compared to untreated brown
paper, and no DNA was detected from non-chemically treated white paper envelope samples
(Norlin et al., 2013). These samples were extracted with the Wizard Genomic DNA Purification
kit from Promega. Chemical treatment with 1,2-indanedione demonstrated no statistically
significant reduction in DNA success following direct cutting of samples and extraction with the
DNA Extractor FM kit (Tsai et al., 2016).
Other means of sample collection include tape lifts and scrapings. Hess et al. (2017)
observed higher DNA recovery from trace clothing when sampling with mini-tapes or scraping
compared to swabbing; but, both mini tapes and scraping may remove the top layer of the paper
and damage print and indentation characteristics. These methods are destructive to the paper
surface and would only be employed in the workflow if the DNA unit received the evidence last.
The method of sample collection is important for removing the DNA from the surface;
however, the extraction method is equally important for optimized recovery of the DNA from the
sample collection substrate for further analysis. Sewell et al. (2008) considered the composition
of paper when selecting the QIAmp DNA mini kit and DNeasy plant mini kit for comparison.

12

Paper is made up of plant-based materials like cellulose and improved success in DNA recovery
was observed with the DNeasy plant mini kit. When sampling direct cuttings from paper, this
may be an appropriate choice; however, further testing of the kit on swabs collected from paper
would be prudent. Use of a direct to PCR method demonstrated success in wet/dry swabbing of
touch samples (Ostojic & Wurmbach, 2017; Templeton & Linacre, 2014). Plaza et al. (2015) and
Plaza et al. (2016) successfully used a traditional automated extraction method, EZ1 DNA
investigator kit, for extraction of swabs from paper. A modified Chelex lysis extraction also
demonstrated improved DNA yields from tape samples from worn clothing compared to the
traditional Chelex method and Prepfiler Express BTA method (Forsberg et al., 2016).
From the literature, dry swabbing holds promise if DNA collection must occur before
processing by other disciplines. The use of a wet/dry swab technique may be more useful if
combining DNA processing with EDD processing or sampling after the paper has first been
processed by Questioned Documents and Latent Prints. To consider processing for DNA after
the other disciplines, one must ensure that work surfaces, tools, and the apparatus are DNA free.
This would require cleaning between evidence, which may detrimentally increase the amount of
time spent processing a single piece of evidence. Furthermore, the potential loss or destruction of
DNA from the paper surface while undergoing EDD or latent chemical treatment must be
weighed when evaluating the integrated workflows.

2.4

Touch and transfer DNA
The amount of DNA deposited on a surface from finger and palm marks varies widely

person to person; however, greater quantities of DNA have been observed in samples collected
from fingermarks (Oleiwi et al., 2015). Fingermark samples demonstrated greater quantities of
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nucleated cells along with cell-free nuclei compared to palm samples. This result may be caused
by a difference in which surfaces are touched by fingers and palms during typical daily activities.
Touch samples may be composed of eccrine or sebaceous secretions. The composition of
the touch transfer relates to the activity of the individual prior to touching the surface.
Individuals that touch their faces frequently may load their fingertips with sweat and/or oils. The
components of touch deposits need to be taken into account when deciding on sample collection
and extraction methods. Commonly, touch DNA samples target areas expected to contain
nucleated cells; however, work by Quinones and Daniel (2012) makes the case for the presence
of cell- free nucleic acids (CNAs) in sweat-containing samples. Additional work by Zoppis et al.
(2014) confirmed the presence of single-stranded DNA and CNAs in sebaceous touch deposits,
supporting the hypothesis that sebaceous secretions are important to the deposition of touch
DNA on a surface. For optimal DNA recovery, the extraction method must be tailored to prevent
loss of CNAs.
Primary or active DNA transfer occurs when an individual touches a surface and deposits
DNA. Secondary or passive transfer occurs when DNA from individual 1 is transferred to
another object or person via an intermediate surface (either human or non-human). The amount
of DNA detected following primary and secondary transfer is dependent on the shedder status of
the individual. A “good” shedder will deposit more DNA to a surface compared to a “poor”
shedder (Lowe et al., 2002). An individual who sheds more DNA is also more likely to donate
alleles in a secondary transfer event, as demonstrated by Lowe et al. (2002). DNA transfer,
whether primary, secondary, or other, may explain how and why an individual’s DNA is present
on a particular surface. A basic understanding of the mechanism of DNA transfer may guide
improvements in collection and interpretation of samples.
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One factor that was investigated is the length of time and weight of hand pressure applied
when touching a surface. Balogh et al. (2003) found that the length of pressure had a minimal
effect on DNA recovery and time of day of fingermark deposition does not significantly impact
the amount of DNA deposited on a surface (Balogh et al., 2003). Tobias et al. (2017) found that
as hand pressure increased, the collected sample demonstrated a greater quantity of DNA. This
result suggests that there is a relationship between pressure and the deposition of DNA; however,
more studies are needed.

2.5

Study goals
The goal was the development of an integrated workflow for paper processing that

minimizes loss of evidentiary value for each discipline. The literature supports processing for
Questioned Documents first or in conjunction with DNA processing and suggests development
of a non-destructive DNA sampling method if not sampling in tandem. Studies investigating the
impact of latent print chemical treatment methods gave mixed results and should be further
investigated in this study.
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CHAPTER 3. RESEARCH DESIGN

A number of preliminary studies were conducted to determine the optimal methods for
sampling, extraction, latent print chemical treatment method, and order of sampling paper with
electrostatic detection device processing. Another study evaluated the stability of DNA from

latent fingerprints on paper over time. The data generated from the preliminary studies was used
to guide decisions on workflow, materials, and chemicals used for the mock evidence study.

3.1

Volunteer recruitment
Volunteers were recruited from the Charlotte-Mecklenburg Police Department Crime

Laboratory as approved by the CUNY internal review board (IRB#2017-0306). All volunteers
were asked to sign an informed consent form for participation in a research study. Samples were
processed under a deidentified sample code and signed consent forms were mailed for
safekeeping to the attention of Dr. Prinz at John Jay College.

3.2

Clean workspace preparation
Prior to starting each experiment a clean workspace, biosafety cabinet or laboratory

bench, was cleaned with DNA Away (Thermo Fisher Scientific, Waltham, MA), deionized
water, then 99% ethanol. After the surface was dry a new, clean piece of butcher paper was

placed on the work surface. Cleaning was repeated between processing different sample
donations. Tools like scissors and tweezers were cleaned with 10% bleach, deionized water, and
99% ethanol prior to starting and between each sample.

3.3

Sample controls
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Each extraction batch included a reagent blank, which contained all reagents required for

the extraction without addition of sample DNA. The reagent blank was processed like a sample
and was quantified and amplified, along with the samples, as specified in each study.
For each amplification batch, a positive control and negative control were prepared. The

positive control contained an aliquot of known DNA prepared to 0.5 ng along with all
amplification reagents. The amplification negative control contained all amplification reagents
and TE-4 buffer was added to the tube instead of sample DNA. The controls were subjected to the
same conditions as the samples on the thermal cycler instrument.

3.4

Extraction method comparison study
The extraction methods investigated were the QIAamp DNA Investigator kit protocol

(QIAGEN, Hilden, Germany), ForensicGEM SexCrime kit protocol (Zygem, Sussex, United
Kingdom), Simple Lysis/Microcon (alternate method for processing direct cuttings for
ForensicGEM SexCrime kit), Chelex-Tween protocol based on a published DNA extraction
protocol (Forsberg et al., 2016), and Direct PCR protocol with pretreatment lysis based on the
QIAGEN Investigator Lyse and Spin Basket Handbook (2016). For each extraction method, a
number of sampling methods were tested. The methods tested were direct cuttings of paper,
wet/dry swabbing using Triton X-100 (Sigma-Aldrich, Allentown, PA) as a moistening agent,

and dry/dry swabbing, both with polyester flocked swabs (Puritan, Guilford, ME).
Prior to sample collection, pieces of 20 lb 8.5 in x 11 in multi-use copy paper (Staples,
Framingham, MA) were cut into halves and made DNA free through UV irradiation for 15

minutes per side. After UV irradiation, paper pieces were placed in a clean plastic bin for
storage.

17

Three volunteers were recruited. Two half sheets of irradiated paper were placed on the

work surface. The volunteer washed their hands with soap and water, then dried them with a
clean paper towel. After hand washing, each volunteer was told to “charge” their hands by
touching their face and neck for approximately 15 seconds, then rubbing their hands together for

15 seconds. This procedure was modeled after the “charging” procedure used by Plaza et al.
(2015). After rubbing hands together, each volunteer pressed four fingers onto a half sheet of
paper for approximately five seconds. The paper was labeled “L” or “R” to designate
handedness. Each sheet was stored in an envelope labeled with the volunteer’s code, sequence
number, and the date of collection. The envelope was sealed with the metal fastener. The sample
collection process was repeated five additional times, for a total of six sample collections per
volunteer. Between each volunteer the laboratory table was cleaned as described above and new
sheets were provided.
A set of three samples was extracted for each method tested. Samples were chosen at
random from the six consecutive donations so there was variability in sequence number and
handedness for each trial.

3.4.1

Sampling methods
As seen in Table 3.1, the tube type and sample size for each sampling method is

dependent on whether the sample is swabbed or cut.
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Table 3.1
Tube type and sample size for each sampling condition

Swabbing

Direct
Cutting

Extraction method
QIAamp DNA Investigator
FGEM SexCrime kit
Chelex-Tween method
Direct to PCR
QIAamp DNA Investigator
Simple Lysis/Microcon
Chelex-Tween method
Direct to PCR

Tube type
1.5 ml tube
0.2 ml tube
1.5 ml tube
Lyse and Spin tube
15 ml conical tube
15 ml conical tube
15 ml conical tube
15 ml conical tube

Sample size
entire swab head x 2
swab tip x 2
entire swab head x 2
entire swab head x 2
1 in x 1 in cuttings
1 in x 1 in cuttings
1 in x 1 in cuttings
1 in x 1 in cuttings

3.4.1.1 Direct cutting
For direct cutting, cuttings of approximately 1 in x 1 in were made and placed into a prelabeled 15 ml conical tube.

3.4.1.2 Wet/dry swabbing with Triton X-100
A flocked swab pre-moistened with 10 µl 0.1% Triton X-100 was rubbed against the
entire surface of the sample. The entire swab head was cut into tube. Next, a dry flocked swab

was rubbed against the entire surface of the sample. The swab head was cut into the same tube as
the wet swab.

3.4.1.3 Dry/dry swabbing
A dry flocked swab was rubbed on the entire surface of the paper. The swab head was cut
into a pre-labeled tube. A second new dry flocked swab was rubbed on the entire surface of the
paper and the swab head was cut into the same tube as the first swab.
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3.4.2

Extraction and lysis protocols

3.4.2.1 QIAamp DNA Investigator kit
Direct cuttings underwent an initial soak with 2.5 ml TE-4 buffer for approximately five
minutes. For each sample, after the initial soak, the liquid in the conical tube was removed, split

and transferred to two 1.5 ml tubes. The samples were processed as described below.
To each sample (swab heads and supernatant from cuttings), 20 µl of 20 mg/ml
Proteinase K (QIAGEN, Hilden, Germany), and 400 µl Buffer ATL were added. All samples
were vortexed for 10 seconds. Sample tubes were incubated for one hour at 56ºC with shaking at
750 RPM. After incubation, samples were briefly centrifuged to remove condensation from the
interior of the cap. The material from each tube was transferred to a spin basket. The spin baskettube assembly was centrifuged at maximum speed (20,000 x g) for two minutes. The spin basket
containing the swab material was discarded. Next, 400 µl of Buffer AL was added to each
sample and vortexed for 15 seconds. Samples were incubated at 70ºC with shaking at 750 RPM
for 10 minutes. After the incubation, samples were briefly centrifuged. Two hundred microliters
of 96-100% ethanol was added to each tube and vortexed for 15 seconds and then briefly
centrifuged. The entire lysate for each sample was transferred to a QIAamp MinElute column,
without wetting the rim. Samples were centrifuged at 6000 x g for one minute. The column for
each sample was transferred to a new 2 ml collection tube. Five hundred microliters of Buffer

AW1 was added to each sample, then all samples were centrifuged at 6000 x g for one minute.
The column for each sample was transferred to a new 2 ml collection tube. To each sample tube,
700 µl Buffer AW2 was added, then centrifuged at 6000 x g for one minute. The column for

each sample was transferred to a new 2 ml collection tube. Seven hundred microliters of ethanol
was added to each tube, then centrifuged at 6000 x g for one minute. The column was transferred
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to a new 2 ml collection tube. All samples were centrifuged at 20,000 x g for three minutes to

dry the membranes of the columns. Next, each column was transferred to a new 1.5 ml collection
tube. The lid of each column-tube assembly was opened and all samples were incubated for 10
minutes at room temperature. Thirty-five microliters of TE-4 buffer was added to each column.

The lid of each column-tube assembly was closed and all samples were incubated at room
temperature for five minutes. After the incubation, all samples were centrifuged at 20,000 x g for
one minute. The liquid remaining in the tube was saved for further processing.

3.4.2.2 ForensicGEM SexCrime kit
Due to the size of the sample tubes for this extraction method, the direct cutting sampling
method was not evaluated.
To each tube with swab tips, 10 µl of 10x Orange Plus, 2 µl ForensicGEM, 10 µl
ACROSOLV, and 78 µl deionized water were added. Each sample was briefly vortexed, then
placed into an GeneAmp. PCR System 9700 thermal cycler (Thermo Fisher Scientific, Waltham,
MA) and the ForensicGEM program was run. The run parameters used are specified in Table
3.2.
Table 3.2
9700 temperature program for ForensicGEM SexCrime kit
Temperature
52°C
75°C
95°C

Duration
5 minutes
3 minutes
3 minutes

After completion of the program, the samples were removed from the thermal cycler and
transferred to 1.5 ml tubes. The swab head was transferred to the same tube as the lysate. During
removal of the first set of tubes from the thermal cycler, some caps popped up due to the
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temperature change. For the remainder of the samples processed, a 4°C hold was added to the

end of the program to prevent caps from popping. Samples were stored for further processing.

3.4.2.3 Simple Lysis and Microcon
An alternative method for the ForensicGEM SexCrime kit was created for direct cuttings
due to the size of the sample. Two milliliters of DNA IQ Digest buffer (see Appendix I for
preparation) was added to each sample, along with 20 µl 13.5 mg/ml Proteinase K (Promega,
Madison, WI). The sample was incubated for one hour at room temperature and briefly vortexed
throughout the incubation. During the incubation, a Microcon DNA Fast Flow centrifugal filter
(Millipore Sigma, Burlington, MA) was prepared and pre-treated as described in Appendix I.
After incubation, cuttings were transferred to a spin basket in 1.5 ml tube and centrifuged
at maximum speed (20,000 x g) for two minutes. The original lysate from the 15 ml conical tube
and liquid collected in the tube of the spin basket- tube assembly were transferred to a set of
three pre-treated Microcon filter-tube assemblies. Each sample was centrifuged for 30 minutes at
500 x g. The Microcon was transferred to a new tube and centrifuged at 500 x g for five minutes.
This process was repeated in five-minute increments until approximately 5 µl of liquid remained
on the filter. Four hundred microliters of TE-4 buffer was added to the filter and the sample was
centrifuged at 500 x g for 10 minutes. The Microcon was transferred to a new tube. Due to TE-4

buffer remaining on the filter, additional five-minute spins at 500 x g were performed. At the end
of the day, liquid was still on the filter. One hundred microliters of TE-4 buffer was added to each
filter and inverted into a new tube. The filter-tube assembly was centrifuged for five minutes at

500 x g. For each sample set, the liquid from the three tubes was combined into a single tube and
stored overnight.
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The following day, a new Microcon-tube assembly was prepared (see Appendix I) and

each sample was transferred to a new Microcon filter. The sample was centrifuged for 15
minutes at 500 x g, then the filter was transferred to a new tube. Additional spins were performed
at five-minute increments at 500 x g until approximately 5 µl remained on the filter. The filter

was transferred to a new tube and another 400 µl of TE-4 buffer was added. The sample was
centrifuged at 500 x g for 10 minutes. The Microcon was transferred to a new tube and additional
spins were performed at five-minute increments at 500 x g. When 5 µl of liquid remained on the
filter, 20 µl of TE-4 buffer was added to each Microcon and the filter was inverted into a new
tube. The sample was centrifuged at 500 x g for 5 minutes. The eluant was transferred to a new
tube and stored for further processing.

3.4.2.4 Chelex-Tween method
Direct cuttings underwent an initial soak with 800 µl deionized water for 30 minutes. The
liquid portion of the sample was transferred to a QIAGEN Lyse and Spin (QIAGEN, Hilden,
Germany) column-tube assembly and centrifuged at maximum speed (20,000 x g) for one
minute. After all liquid passed through the column, the column was removed and the liquid
portion was retained in the 2.0 ml tube and extracted as described below.
For all samples (swab heads and cuttings), 200 µl of 5% Chelex, 5 µl of 13.5 mg/ml

Proteinase K, 2 µl 10% Tween 20, and 300 µl deionized water were added to each sample tube.
An additional volume of deionized water was added to each swab sample to bring the volume up
to 800 µl. Each sample was incubated at room temperature for 30 minutes, with occasional

vortexing during the incubation. Next, the sample was incubated at 56°C for 45 minutes with 400
RPM shaking, then at 98°C for ten minutes with no shaking. Following the incubation, the
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sample substrate was transferred to a spin basket in a 1.5 ml tube. The spin basket-tube assembly

was centrifuged for five minutes at 1500 x g. The liquid collected from the tube-spin basket
assembly was transferred to the original tube containing the extract and the substrate was
discarded. A portion of the extract, approximately 300-400 µl, was added to the Microcon filter

and centrifuged at 500 x g for 30 minutes. The Microcon filter was placed in a new filtrate tube.
The remaining extract was added to the Microcon filter. An additional 10-15 minute
centrifugation was performed at 500 x g. The Microcon filter was placed in a new filtrate tube. If
more than 5 µl of liquid remained, additional three- minute spins at 500 x g were repeated. Once
approximately 5 µl of liquid remained on the Microcon filter, 30 µl of TE-4 buffer was added to
the filter, and the filter was inverted into a new filtrate tube. The sample was centrifuged at 1000
x g for three minutes. After centrifugation, the liquid in the filtrate tube was transferred to a new,
clean 1.5 ml tube and stored for further processing.

3.4.2.5 Direct to PCR
Direct cuttings were soaked in 800 µl of deionized water for 30 minutes at room
temperature. After soaking, the solution in the 15 ml conical tube was split and transferred to two
QIAGEN Lyse and Spin tubes. Five microliters of 13.5 mg/ml Proteinase K was added to each
tube and all samples were incubated for 30 minutes at 56ºC with shaking at 750 RPM. After the

initial heated incubation, the samples were incubated at 95ºC for five minutes. All samples were
centrifuged after the final incubation step at 10,000 x g for one minute. Additional centrifugation
steps were completed if the liquid did not completely pass through the spin basket. After all

liquid passed through the spin basket, the spin baskets were discarded and the samples were
saved for PCR.
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Swabbing samples were handled differently than the direct cuttings due to the sample

size. To each swabbing sample, 35 µl deionized water and 5 µl 13.5 mg/ml Proteinase K were
added. Samples were incubated at 56ºC for one hour with shaking at 900RPM. After incubation,
samples were centrifuged at 10,000 x g for one minute. Centrifugation was repeated until the

liquid for each sample had passed completed through the spin basket. The spin baskets were
discarded and the samples were saved for PCR.

3.4.3

Quantitation and amplification of samples
Unless specified in the protocol, all samples were quantified with the Quantifiler Trio kit

(Thermo Fisher Scientific, Waltham, MA) using half-reactions. Sample plates were run on the
7500 Real-Time PCR instrument (Thermo Fisher Scientific, Waltham, MA) and amplified with
the Globalfiler kit (Thermo Fisher Scientific, Waltham, MA) per manufacturer specifications.
Amplified product was run on the 3130 Genetic Analyzer (Thermo Fisher Scientific, Waltham,
MA). Data was analyzed in Gene Mapper ID-X software v1.4 (Thermo Fisher Scientific,
Waltham, MA).
A series of quantitation standards (50 ng, 5n g, 0.5 ng, 0.05 ng, 0.005 ng) was prepared as
follows: 5 tubes were labeled 1-5, then 10 µl of Dilution buffer was added to tube 1, and 45 µl to
tubes 2-5. After adding 10 µl of the Quantifiler Trio (100 ng/µl) standard DNA to the first tube,

the tube was briefly vortexed and centrifuged. Five microliters from the 50 ng/µl standard was
transferred to the next tube in the series and vortexed and centrifuged. The process was repeated
for tubes 3-5. To create the master mix 5 µl PCR reaction mix and 4 µl Primer mix were

combined and 9 µl aliquots added to 96-well plates. Next 1µl of standard or sample was added
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to the appropriate well, per the sample loading worksheet. See Table 3.3 for the well component

breakdown.
Table 3.3
Well components and amounts
Component
PCR Reaction Mix
Primer Mix
Sample/ Standard
Total well volume

Amount (µl)
5
4
1
10

The prepared plate was loaded onto the 7500 instrument. Once the run was complete, the 7500
HID v1.2 software (Thermo Fisher Scientific, Waltham, MA) created a standard curve based on

the standards loaded on the plate. The standard curve was used to calculate sample
concentrations.
To set up samples for amplification, a Globalfiler master mix was prepared in the

following ratio: 7.5 µl PCR reaction mix and 2.5 µl Primer mix per sample and 10 µl of master
mix was added to each PCR tube. The appropriate amount of TE-4 buffer and sample were added
to each tube to target 0.75 ng DNA input. The amplification positive control was prepared by

adding 5 µl of 007 standard DNA (0.1 ng/µl) (Thermo Fisher Scientific, Waltham, MA) and 10
µl TE-4 buffer. An amplification negative control was prepared by adding 15 µl of TE-4 buffer.
Tubes were placed on the thermal cycler and the program specified in Table 3.4 was run.
Table 3.4
Globalfiler amplification program
Cycles
1
28
1
Hold

Temperature
95°C
94°C
59°C
60°C
4°C
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Time
1 minute
10 seconds
1.5 minutes
10 minutes
Indefinitely

Once the amplification program was complete, the samples were removed from the thermal
cycler and prepared for loading onto the 3130 Genetic Analyzer instrument.
A master mix of formamide and internal size standard was prepared in the following

ratio: 0.4 µl GeneScan-600 LIZ per sample and 9.6 µl formamide per sample. Ten microliters of
the prepared master mix was loaded into the 96 well plate along with 1 µl samples and allelic
ladder. The plate was snap heat-cooled. First, the plate was heated on a 95°C heat block for
three minutes. The plate was then transferred to the freezer at -20°C for three minutes. After the
snap heat-cool, the plate was loaded onto the instrument and samples were injected at 5 seconds
at 3 kV. Once the run was complete, the data was analyzed with GMID-X software v.1.4.

3.5

Stability study

3.5.1

Sample preparation
Pieces of 20 lb 8.5 in x 11 in copy paper were cut in half sheets and irradiated as

described above. Three volunteers were recruited and donated left and right fingerprint samples
after handwashing, face touching, and rubbing hands together as described for the extraction
comparison. This time four sets of samples were collected in sequence for the first sample
collection from each volunteer. An additional two sample sets were collected from each

volunteer, in sequence, a few months later. A total of 12 samples were collected from each
volunteer. All samples were stored at room temperature prior to processing.

3.5.2 Sample processing

27

Samples from three volunteers were dry/dry swabbed once a month for 12 months, then

extracted using the Chelex-Tween method and quantified on the 7500 instrument using the
Quantifiler Trio kit. All samples were amplified with the Globalfiler kit and run on the 3500
Genetic Analyzer instrument (Thermo Fisher Scientific, Waltham, MA).

3.6

Optimization of workflow

3.6.1

Sample preparation

3.6.1.1 Latent print study samples and preparation
Pieces of 20 lb 8.5 in x 11 in copy paper were cut into halves and irradiated as described
above. Again, three volunteers were recruited and donated left and right fingerprint samples after
handwashing, face touching and rubbing hands together as described for the extraction
comparison. Two sets of samples from each volunteer were collected in sequence. Samples for
each experimental group were randomized for sequence number and handedness. All samples
were stored in envelopes at room temperature prior to processing.

3.6.1.2 Questioned document study samples and preparation
Pieces of 20 lb 8.5 in x 11 in copy paper were cut into halves and irradiated and stored as
described above. For this study two volunteers were recruited and donated left and right

fingerprint samples after handwashing, face touching and rubbing hands together as described
for the extraction comparison. Six sets of samples from each volunteer were collected in
sequence.

Prior to using the EDD processing, the film was covered with clean butcher paper and the
EDD vacuum bed was UV irradiated for 15 minutes. The worksurface and utensils were cleaned
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and prepared as described above. A humidity chamber was prepared by adding approximately

1000 ml tap water to the chamber and closing the lid. The grate of the humidity chamber was
wiped down with DNA Away and dried prior to use and in between each sample.

3.6.1.3 Vacuum swab study samples and preparation
Pieces of 20 lb 8.5 in x 11 in copy paper were cut into halves, UV irradiated, and stored
as described above. For this study three volunteers were recruited and donated left and right
fingerprint samples after handwashing, face touching, and rubbing hands together as described
for the extraction comparison. For this study, three sets of samples were collected in sequence
from each volunteer. All samples were stored at room temperature.

3.6.2

Latent fingerprint study

3.6.2.1 Application methods
3.6.2.1.1 Spray
All samples were processed in a fume hood. For the spray treatment method, a sample
was removed from its envelope and each side was sprayed with solution. After spraying, each
sample was briefly suspended on a string to dry. Once dry, the sample was placed on clean
butcher paper until all samples were processed. Utensils were cleaned and gloves were changed

between each sample.
Once all samples were processed and dried, samples were placed in the humidity
chamber and left for approximately two days to develop. The temperature of the humidity

chamber was set to 37°C. After two days, samples were removed, photographed, and stored.
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3.6.2.1.2 Dip

All samples were processed in a fume hood. For the dip treatment method, a sample was
removed from its envelope and dipped into a clean tray filled with the solution and agitated for
30 seconds per side. After dipping, each sample was suspended to dry on a string and then placed

on clean butcher paper on a table until all samples were processed. Utensils were cleaned and
gloves were changed between each sample. Additionally, the dip tray was emptied of reagent,
cleaned with bleach, deionized water, and 99% ethanol before adding new solution for use with
the next sample.
Once processing was complete, samples were placed on clean butcher paper or clean
paper towels in a 37°C humidity chamber and left approximately two days to develop. Samples
were removed, photographed, and stored.

3.6.2.2 Chemical treatments
3.6.2.2.1 Ninhydrin
Samples were processed with ninhydrin solution using the dip method or the spray
method as described above. Once samples were treated and removed from the humidity chamber,
the samples were visually examined, and evaluated for prints of no value, value, or automated
fingerprint identification system (AFIS) value. All samples were photographed, one at a time. A

sample was placed on a clean piece of paper. Photos were taken in ambient light and postprocessed in Adobe Photoshop CS3 Windows (Adobe, San Jose, CA) by the Latent Print
examiner. After photography was complete, each sample was returned to its respective envelope

and re-sealed until DNA processing.
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3.6.2.2.2 1,2-indanedione zinc chloride

Samples were processed with 1,2-indanedione zinc chloride solution using the dip
method or the spray method as described above. After samples were removed from the humidity
chamber, samples were photographed. To photograph, a sample was placed on a clean piece of

paper. Photographs were taken using a 495 nm alternate light source (MCS-400 Mini-Crime
Scope, Spex Forensics, Piscataway, NJ) and orange filter. The photographs were post- processed
in Photoshop by the Latent Print examiner. After photography, each sample was returned to its
envelope and re-sealed until DNA processing. The sample photographs were visually examined
by a Latent examiner and prints were evaluated for no value, value, or AFIS value.

3.6.2.3 DNA processing after treatment
After samples were treated for latent prints, the samples were processed for DNA
targeting visible fingerprints. Samples were processed on a clean laboratory surface. Two dry
flocked swabs were rubbed on the areas of developed prints, using only the tips of the swabs.
The swabs were cut into a 1.5 ml tube and the paper sample was returned to its original envelope.
Once all samples were swabbed, the samples were extracted using the Chelex-Tween protocol.
Samples were quantified with the Quantifiler Trio kit using the 7500 instrument.

3.6.3 Questioned document study
A number of different sampling workflows were evaluated for use in tandem with EDD
processing. Table 3.5 summarizes the different swabbing/EDD processing workflows evaluated.
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Table 3.5
QD sample processing workflows
Number of samples
2
2
2
2
2
2
2
2
2
2
2
2

Pre-EDD processing
wet vacuum swab
dry vacuum swab
wet vacuum swab
dry vacuum swab
wet vacuum swab
dry vacuum swab
none
none
none
none
none
none

Post EDD processing
swab film
swab film
swab paper
swab paper
swab film + paper
swab film + paper
swab film
swab film
swab paper
swab paper
swab film + paper
swab film + paper

For samples that were vacuum swabbed prior to EDD, the 1.5 ml tube containing the vacuum
swab sample was kept separate from the traditional swabbing samples collected from the same
sheet of paper.

3.6.3.1 Order of sampling
The order of swabbing was evaluated to determine if there was an impact to EDD
development and latent print development following swabbing. Prior to EDD processing and
swabbing, a laboratory table was cleaned as described above and covered with a clean piece of

butcher paper.

3.6.3.1.1 EDD→ swabbing

Prior to processing with the EDD, the instrument was cleaned and prepared as described
above. The vacuum bed was turned on and the humidity chamber was prepared with
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approximately 1000 ml of water. The paper sample was placed face-up in the humidity chamber

for 1 minute then placed on the vacuum bed of the EDD. The code number of the sample and the
date were written on a sticky note and placed below the sample on the vacuum bed. The thin
plastic film was pulled over the surface of the paper sample and sticky note. Creases or folds of

the film were tugged to flatten the surface. The corona wand was turned on and waved over the
surface of the paper film sandwich at approximately 2-3 inches above. The wand was waved
back and forth three times. The bed was lifted at a 45 degree angle and toner beads were
cascaded over the surface of the film twice. The bed was returned to a horizontal position and a
clear sticky side plastic sheet was placed on the film surface to preserve developed indented
impressions.
The film and plastic sheet sandwich was placed with the film face up on a clean
worksurface to be swabbed. The paper sample was also removed from the vacuum bed and
placed on a clean wipe to prepare for swabbing. After swabbing, excess film was trimmed
around the edges of the plastic sheet and the film plus plastic sticky back sheet sample was
placed into a sheet protector for review later. The paper sample was returned to storage.

3.6.3.1.2 Vacuum dry swab→ EDD→traditional swabbing
To perform dry vacuum swabbing prior to EDD processing, a paper sample was removed

from its envelope and prepared for vacuum swabbing by suspending the paper above the work
surface with two metal clips attached to metal/wood bases (see Figure 3.1).
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Figure 3.1
Magnetic clips and metal sheet/wood block apparatus for elevation of sample
The vacuum assembly was prepared by attaching plastic tubing to the M-Vac apparatus (M-vac
Systems, Inc., Sandy, UT). A glass Pasteur pipette (Fisher Scientific, Waltham, MA) was
plugged with a cotton swab (Puritan, Guilford, ME) by snapping off the drawn-out end of the
pipette and shortening the handle of the cotton swab. Once the swab handle was shortened, the
swab was placed into the top of the Pasteur pipette so that the swab head was seated just below
the top as seen in Figure 3.2.
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Figure 3.2
Vacuum swab assembly
The vacuum tubing was attached to the tapered tip area of the Pasteur pipette. The vacuum was
turned on and the swab end of the pipette swab assembly was placed on the paper surface and
slowly dragged across from left to right. Once the right edge of the paper was reached, the
assembly was then placed just below where it started on the left-hand side and slowly moved
across from left to right. This process was repeated until the entire surface was swabbed. Once
swabbing was complete, the vacuum was turned off and the swab head was tapped into a prelabeled 1.5 ml tube. The swab head was cut into the tube. The paper sample was returned to its
envelope and all components were cleaned prior to processing the next sample.
Once dry vacuum swabbing was complete, the paper sample was EDD processed as
previously described. Another round of traditional swabbing was performed following EDD. The
swabbing procedures evaluated after EDD are described in the Sampling Methods section below.
35

Upon completion of the dry vacuum swab, EDD, and traditional swabbing, the paper sample was
returned to its envelope and retained.

3.6.3.1.3 Vacuum wet swab→ EDD→traditional swabbing

To perform wet vacuum swabbing prior to EDD processing, the paper sample was
removed from storage and elevated using metal clips attached to wood and metal bases. The
Pasteur pipette swab assembly was prepared as described above. Once the swab was placed into
the top of the Pasteur pipette 10 µl of 0.1% Triton X-100 was dispensed on the swab head. The
vacuum tubing was attached to the tapered tip area of the Pasteur pipette and the vacuum process
proceeded as described for the dry swab.
Once wet vacuum swabbing was complete, the paper sample was processed with the
EDD as previously described. Additional swabbing of the paper and the film was performed after
EDD using swabbing procedures described in the Sampling Methods section below. Once wet
vacuum swabbing, EDD, and traditional swabbing were complete, the sample was returned to its
envelope and retained.

3.6.3.2 Sampling methods
3.6.3.2.1 Swab film

After EDD processing, a sticky back plastic sheet was placed on top of the toner covered
film to preserve the developed indented impressions. The non-adhesive side of the sticky back
plastic sheet was placed on the work surface so the film was face up. For wet/dry swabbing, a

swab pre-moistened with 10 µl 0.1% Triton X-100 was rubbed against the surface of the film and
then cut into a 1.5 ml tube. A dry swab was rubbed against the surface of the film to collect any
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remaining moisture and then cut into the same 1.5 ml tube. For dry/dry swabbing, a single dry

swab was rubbed against the surface of the film and then cut into a 1.5 ml tube. The sample tubes
were stored at room temperature until DNA processing.

3.6.3.2.2 Swab paper
Once EDD processing was complete, the paper was removed from the vacuum and
placed on a clean worksurface. For wet/dry swabbing, a swab pre-moistened with 10 µl 0.1%
Triton X-100 was rubbed against the surface of the paper and then cut into a 1.5 ml tube. A dry
swab was rubbed against the surface of the paper to collect any remaining moisture and then cut
into the same 1.5 ml tube. For dry/dry swabbing, a single dry swab was rubbed against the
surface of the paper and then cut into a 1.5 ml tube. The sample tubes were stored at room
temperature until DNA processing.

3.6.3.2.3 Swab film and paper
After EDD processing was complete, a sticky back plastic sheet was placed on top of the
toner covered film to preserve developed indented impressions. The sheet and toner sandwich
was removed from the vacuum bed and placed on a clean worksurface. The paper was also
removed from the vacuum bed and placed on the clean worksurface. For wet/dry swabbing of the

film and paper, a swab pre-moistened with 10 µl 0.1% Triton X-100 was rubbed against the
surface of the film, then rubbed on the surface of the paper, and cut into a 1.5 ml tube. A dry
swab was then rubbed against the surface of the film, rubbed against the surface of the paper,

then cut into the same 1.5 ml tube. For dry/dry swabbing, a single dry swab was rubbed against
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the surface of the film, rubbed against the surface of the paper, then cut into a 1.5 ml tube. The

sample tubes were stored at room temperature until DNA processing.

3.6.3.3 DNA processing after EDD and swabbing

Once samples were swabbed and processed with the EDD, the swabs were extracted
using the Chelex-Tween protocol. For the sequential vacuum swab and traditional swabbing
samples, the extracts were combined at Microcon during the Chelex-Tween extraction. After
extraction, samples were quantified with the Quantifiler Trio kit on the 7500 instrument.

3.6.3.4 Latent print evaluation
After processing with the electrostatic detection device and DNA collection, the samples
were processed for latent prints. Samples were treated with 1,2-indanedione zinc chloride using
the dip application method. To treat a sample, the paper was removed from its envelope and
placed in a shallow tray filled with 1,2-indanedione zinc chloride solution. In a fume hood, the
tray was agitated for approximately one minute, then the paper was turned over in the tray and
agitated for another minute. The paper sample was removed from the tray and suspended on a
string line in the hood to dry. Once the paper sample was dry, it was placed on a butcher paper
covered table while other samples were processed. Once all samples were treated and dried,

samples were placed in the 37°C humidity chamber and left for three days. After three days, the
samples were removed from the humidity chamber and photographed using an alternate light
source set to 455-475 nm. The wavelength of the light source was adjusted to improve contrast

while photographing. An orange barrier filter was used on the camera. Upon completion of the
photographs, the raw digital images were post-processed with Adobe Photoshop, then evaluated
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by a latent print examiner to determine the number of prints that were of value, AFIS value, or

no value for comparison.

3.6.4

Vacuum swab evaluation

A small vacuum swab study was completed to evaluate several different aspects of the
vacuum swab technique. Table 3.6 summarizes the experiments completed.
Table 3.6
Vacuum swab experiments
Number of samples
3
3
3
3
3
3

Pipette type
glass
plastic
glass
plastic
glass
glass

Collection Method
Extraction Type
vacuum with dry swab
Chelex-Tween
vacuum with dry swab
Chelex-Tween
vacuum with wet swab
Chelex-Tween
vacuum with wet swab
Chelex-Tween
vacuum with dry swab ForensicGEM SexCrime
vacuum with wet swab ForensicGEM SexCrime

3.6.4.1 Pipette type comparison
3.6.4.1.1 Glass Pasteur pipette
Glass Pasteur pipettes were tested as part of the pipette swab assembly for vacuum

swabbing. New glass Pasteur pipettes were obtained for testing. To prepare the Pasteur pipette,
the thin tip was snapped off prior to its use in the pipette swab assembly.

3.6.4.1.2 Plastic pipette tip
Plastic pipette tips were tested as part of the pipette swab assembly used in the vacuum
swab technique. One thousand microliter unfiltered plastic pipette tips were autoclaved prior to

use.
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3.6.4.2 Sampling methods

3.6.4.2.1 Dry swab
To process each sample, the paper was removed from storage and attached to the
magnetic clips attached to the metal/wood base apparatus to elevate the sample. The paper was

vacuum swabbed as described above and the swab head was cut into a 1.5 ml tube. Once all
samples were processed, the tubes were stored at room temperature until extraction.

3.6.4.2.2 Wet swab
For each sample to be processed, the paper was removed from storage and elevated with
the magnetic clips and metal/wood base apparatus. In this study, 10 µl of 0.1% Triton X-100
was dispensed on the swab head and vacuumed as described above. Again swab heads were cut
and stored in 1.5 ml tubes.

3.6.4.3 DNA processing
Once all samples were swabbed, they were extracted using the Chelex-Tween or
ForensicGEM SexCrime protocol. After extraction, samples were quantified with the Quantifiler
Trio kit on the 7500 instrument. Quantitation data was compared to data obtained from other
workflow studies and sampling methods.

3.6.4.4 Latent print processing
Fresh 1,2-indanedione zinc chloride solution was prepared to process the vacuum

swabbed paper sheets for latent prints. The dip method using 1,2-indanedione zinc chloride was
used to treat the samples as described above. After three days in the 37°C humidity chamber, the
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samples were photographed as described above and evaluated by a latent print examiner to

determine the number of prints that were of value, AFIS value, or no value for comparison.

3.6.5

Evaluation of test workflows

The studies above were evaluated to determine the flow of paper evidence from one
discipline to the next, while maintaining the integrity of the evidence. The average DNA
concentration and number of prints of value or AFIS value were the two measures used to
compare all workflows and procedures.

3.7

Mock casework
Table 3.7 summarizes the two sets of experiments completed for the mock casework

assessment of the proposed workflow of DNA→QD→LP.
Table 3.7
Summary of mock evidence experiments
Number of
samples

Paper type

Sampling
method

QD
method

LP
method

12

Copy paper

Vacuum swab

EDD

dip

12

Notepad paper

Vacuum swab

EDD

dip

3.7.1

LP treatment
1,2-indanedione
zinc chloride
1,2-indanedione
zinc chloride

Sample preparation
Mock evidence samples with indented writing were created using 20 lb copy paper and

15 lb notepad paper and a ballpoint pen. To create expected indented impressions, the sample
paper was placed on the work surface and a new, clean piece of paper was placed on top. A
portion of the pre-selected passage was written on the top sheet with a pen.
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Once the writing was complete, the bottom sheet with the indented impressions was set

aside to be UV irradiated later. The top sheet of writing was discarded. This process was
repeated for all sheets used for sample collection. When all sheets were prepared, they were UV
irradiated for 15 minutes per side and packaged until sample collection.

Twelve volunteers were recruited for sample collection. Each volunteer was handed an
envelope containing the 20 lb copy paper along with a text passage. The volunteer was advised
to remove the paper from the envelope, use their own pen, and write the passage provided in
their workspace. The volunteer was told to handle the paper however was necessary to complete
the passage. After writing the passage, the volunteer returned the paper to the envelope and
sealed it with the metal fastener on the back. The code number, date of collection, and time since
last hand washing was recorded on the label affixed to the envelope after sample collection was
complete. A second sample collection with the previously prepared 15 lb notepad paper was
completed with each volunteer on a different day as just described.

3.7.2

DNA processing
Prior to processing each sample for DNA, the front and back of the paper were

photographed with a ruler and label for identification. To process a sample for DNA, the paper
was situated into the magnetic clip and metal/wood block apparatus for elevation. As previously

described, the thin tip of a Pasteur pipette was snapped off and a shortened cotton swab was
placed into the top of a glass Pasteur pipette so that the swab head was seated just below the top.
One end of the vacuum tubing was attached to the M-Vac and the other end of the tubing

was attached to the tapered area of the pipette. After turning on the vacuum, the pipette swab
assembly was slowly and gently dragged across the paper from left to right and back until the
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entire surface was vacuumed. Once swabbing was complete, the swab head was tapped into a

pre-labeled 1.5 ml tube and the swab head was cut into the tube.
The paper was removed from the magnet clip and metal/wood block apparatus and
flipped over and re-situated into the magnetic clip and metal/wood block apparatus. The vacuum

swabbing process was repeated with a new Pasteur pipette-swab assembly as just described.
Once swabbing was complete, the swab was tapped into the same pre-labeled 1.5 ml tube and the
swab head was cut into the tube. The tube with sample was stored at room temperature until
extraction. Along with samples, untreated controls for copy paper and notepad paper were also
vacuum swabbed.
Once all samples were processed, the sample tubes were stored at room temperature until
extraction. Samples were extracted using the Chelex-Tween protocol. Samples were quantified
with Quantifiler Trio on the 7500 instrument and amplified with the Veriti thermal cycler
(Thermo Fisher Scientific, Waltham, MA) using the Globalfiler kit. Amplified product was run
on the 3500 Genetic Analyzer instrument with a 1.2kV injection for 16 seconds. Data was
analyzed with GeneMapper ID-X v1.6 (Thermo Fisher Scientific, Waltham, MA).

3.7.3

Questioned document processing
After DNA processing was complete, the sample was processed with an EDD as

described above. The sticky back plastic sheet and film were removed from the vacuum bed and
excess film was trimmed around the edges of the plastic sheet. The film plus sheet sample was
placed into a sheet protector for review later. The procedure was repeated for the other side of

the sample. Once both sides were processed, the paper sample was returned to storage until
further processing.
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Combined sheet and film samples were evaluated for the presence of indented

impressions. The presence of readable indented impressions from the initial pre-treatment, along
with any other markings were recorded as suitable for analysis. If a sample had unreadable
indented impressions, the sample was deemed not suitable for analysis.

3.7.4

Latent print processing
After processing samples with the EDD, each sample was processed for latent prints

using the dip treatment method with 1,2-indanedione zinc chloride solution in a fume hood as
described above. To prepare a control sample the latent print examiner rubbed his hands on his
face and then rubbed his hands together briefly. Next, he placed one hand on a piece of notepad
paper and labeled the sheet as the validation (control) sample. The sample was processed as all
other test samples.

3.7.5

Success rates for different paper substrates
A collaborator at John Jay College recruited ten male volunteers as approved by the

CUNY internal review board (IRB#2017-0306). All volunteers signed an informed consent form
for participation in the research study. Samples were assigned and processed under a deidentified
sample codes and all consent forms were retained by Dr. Prinz at John Jay College.
Samples from ten donors were collected on five different paper types: white copy paper,
ruled notebook paper, bank deposit slips, magazine pages, and manila envelopes (Hopkins,
2020). DNA was collected with the vacuum swab method using a glass Pasteur pipette and
cotton swab as described previously. Samples were extracted with the Chelex-Tween method
and set up for quantitation with Quantifiler Trio as previously described. Samples were run on

44

the QuantStudio 5 Real- Time PCR system and analyzed with the HID Real-Time PCR Analysis
Software v1.3 (both Thermo Fisher Scientific, Waltham, MA) (Hopkins, 2020). Following
quantitation, all samples were amplified with the Globalfiler kit as previously described. STR
data was generated on the 3500 Genetic Analyzer instrument with a 4 kV injection for 20
seconds. Data was analyzed with the SoftGenetics GeneMarker HID v2.9.5 (SoftGenetics, State
College, PA) with an analysis threshold of 50 RFU.
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CHAPTER 4. RESULTS
Samples were evaluated using the Charlotte-Mecklenburg Police Department Crime
laboratory interpretation parameters for quantitation, amplification, and STR data analysis. A
sample meeting or exceeding the quantitation threshold of 0.002 ng/µl was deemed suitable for
amplification. Due to the experimental nature of the studies conducted, samples that
demonstrated quantitation values below 0.002 ng/µl were also amplified to determine if the
quantitation value for these sample types correlated with the STR data obtained.
Specific interpretation guidelines for analytical, lower analytical, and stochastic
thresholds are listed below. The first set of STR data was generated on the 3130 Genetic
Analyzer. Because the 3130 Genetic Analyzers were later taken out of service, the remainder of
the samples were separated on the 3500 Genetic Analyzer. Both sets of thresholds are listed
below in the requisite section.

4.1

Extraction study
The extraction study was included to determine the optimal method for processing

samples for the remainder of the experiments. Three different sampling methods and four
different extraction methods were evaluated. Quantitation and genotype data was compared for
each condition. Twelve samples were subjected to each of the three sampling conditions.

4.1.1

Sampling methods
Quantitation results showed clear differences between the three sampling methods. As

seen in Figure 4.1, the direct cutting samples yielded no or low DNA for all extraction methods
tested. None of direct cutting samples exceeded the 0.002 ng/µl threshold for amplification.
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There was a larger spread of quantitation values for the dry/dry swabbing method and the

wet/dry swabbing method; however, none of the quantitation values for these samples exceeded
0.004 ng/µl (see Table A2.1 in Appendix II). For most all samples for all sampling conditions,
the quantitation value did not exceed 0.001 ng/µl. Two dry/dry swabbing samples demonstrated

quantitation values greater than 0.002 ng/µl. Two wet/dry swabbing samples quantitated between
0.001-0.0015 ng/µl and one sample exceeded 0.003 ng/µl.

Figure 4.1
DNA concentrations for each sample by collection method; n=12 each. Eleven out of the 12
samples collected with direct cutting returned a value of 0 ng/µl.
4.1.2

Extraction methods
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The four extraction methods and the direct to PCR approach also revealed a wide range

of quantitation values (see Figure 4.2). Samples extracted using the Simple Lysis/Microcon
(alternate direct to PCR) method demonstrated low quantitation values, with none exceeding
0.0015 ng/µl. Samples for the Direct to PCR and ForensicGEM SexCrime kit methods clustered

at or around 0.000 ng/µl. None of the Direct to PCR method or ForensicGEM SexCrime kit
samples demonstrated quantitation values above 0.001 ng/µl. None of the QIAamp samples
exceeded 0.0015 ng/µl. Samples extracted with the Chelex-Tween method demonstrated the
largest spread but also the highest yields in quantitation values. Three samples extracted with the
Chelex-Tween method demonstrated quantitation values above 0.001 ng/µl. Two out of three of
those samples exceeded 0.0025 ng/µl. As summarized in Table A2.3, the standard deviation for
each method was larger than the average value. Chelex-Tween samples showed the highest
maximum quantitation value (0.0033 ng/µl) and average quantitation value (0.0012 ng/µl) as
well as the largest standard deviation (0.0014 ng/µl).
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Figure 4.2
DNA concentrations by extraction type; QIAamp(Qiagen mini kit) n=9, Simple Lysis/Microcon (Alt. DirectPCR)
n=3, ForensicGEM SexCrime n=6, Chelex-Tween n=9, Direct to PCR n=9, The Chelex=Tween method produced the
highest concentrations.

4.1.3

Combined evaluation of sampling and extraction methods

The evaluation of the sampling methods and extraction methods separately indicated
which sampling method (dry/dry) and which extraction method (Chelex-Tween) provided the
highest DNA recovery; however, it remained to be seen which combination of sampling and

extraction methods together provided the best DNA recovery and genotyping results.
Accordingly, samples processed with all collection (sampling) methods were extracted with three
of the methods. The Simple Lysis/Microcon and ForensicGEM SexCrime kit samples were split.
Only direct cuttings were processed with the Simple Lysis/Microcon method, while the swabs
were subjected to ForensicGEM SexCrime kit extraction.
Table 4.1 depicts the average quantitation values for the three sampling methods and five
extraction methods tested. The dry-dry swabbing method extracted with the Chelex-Tween
extraction demonstrated the largest average quantitation value, around 0.002 ng/µl. The
remaining average quantitation values for the coupled sampling-extraction methods did not
exceed 0.002 ng/µl.
Multiple linear regression testing was used to evaluate a possible relationship of the
methods to the DNA quantitation results. A multiple linear regression calculation will predict the
quantitation value based on the extraction and sampling methods. The resulting multiple
regression demonstrated a statistically significant effect (F(6,29)=3.09, p=.018, R2=0.389). The

individual predictors were evaluated. The dry/dry swabbing method (t=2.57, p=.016) and wet/dry
swabbing method (t=2.08, p=.047) were statistically significant predictors for the model, while
the extraction methods and the direct cutting sampling method were not found to be statistically

significant predictors. See Figure A2.1 for R linear regression summary and Figure A2.2 for
coding of variables for summary in Figure A2.1.
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Table 4.1
Average DNA concentrations (ng/µl) for collection method and extraction method; n=9 each,
except for Simple lysis/Mcon (n=3) and FGEM SexCrime kit (n=6).

QIAamp
Simple Lysis Mcon
FGEM SexCrime kit
Chelex-Tween method
Direct to PCR

4.1.4

direct cutting
0
0.0004
N/A
0
0

wet/dry swabbing
0.0006
0
0
0.0015
0.00003

dry/dry swabbing
0.0003
0
0.0001
0.002
0.0003

Evaluation of STR Data
All extraction study samples were amplified with the Globalfiler amplification kit and

separated on the 3130 Genetic Analyzer capillary electrophoresis instrument. Data was imported
into GMID-X for review. All samples with data were evaluated for peaks below the lower
analytical threshold, peaks above the lower analytical threshold, and peaks above the analytical

threshold. All thresholds were based on the standard operating procedure for the Biology section
of the Charlotte-Mecklenburg Police Department Crime Laboratory. The thresholds were set
based on the Globalfiler internal validation study. The thresholds are listed in Table 4.2.
Table 4.2
Interpretation thresholds for Globalfiler data run on 3130 Genetic Analyzer
Threshold
Analytical
Stochastic
Lower analytical

RFU
75
350
30

All ladders sized properly, and alleles were called as expected. The amplification positive control

sample demonstrated all allele calls above the stochastic threshold with the correct genotype. The
amplification negative control and reagent blanks did not demonstrate any peaks above or below
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the analytical threshold. A total of 36 samples were run, four samples (two direct cutting and

Chelex-Tween extraction, two direct cutting samples and Direct to PCR) failed in both the
original and repeat electrophoresis.
Very few of the samples showed visible peaks, and only one sample had a single peak

above the analytical threshold. None of Simple Lysis/Microcon, ForensicGEM SexCrime kit,
and Direct to PCR samples demonstrated any peaks. Only one wet/dry Qiagen sample and one
dry/dry Qiagen sample showed visible peaks. Two wet/dry Chelex-Tween samples and two
dry/dry Chelex-Tween samples demonstrated peaks, with one sample yielding a single peak
above the analytical threshold that was called with the software. The allele was consistent with
the expected donor. The number of peaks observed above and below the lower analytical
threshold and above the analytical threshold is described in Table 4.3 (see Table A2.5 in
Appendix II for full peak information for all samples).
Table 4.3
Samples by extraction type and collection method with peaks observed above and below the
lower analytical threshold (LAT) and peaks above the analytical threshold (AT).
Extraction type

Collection method

QIAamp
QIAamp
Chelex-Tween method
Chelex-Tween method
Chelex-Tween method
Chelex-Tween method

wet/dry swabbing
dry/dry swabbing
wet/dry swabbing
wet/dry swabbing
dry/dry swabbing
dry/dry swabbing

Peaks above
LAT
1
0
6
3
14
5

Peaks
below LAT
9
14
10
9
10
13

Peaks above
AT
0
0
0
0
0
1

The quantitation values were compared to the total peaks observed for each sample. A
linear regression was performed to evaluate the predictive nature of the quantitation value on the
total number of peaks observed in a DNA profile for a given sample, as seen in Figure 4.3. The
result of the regression indicated a statistically significant effect (F(1,34)=160, p<.001,
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R2=0.824). The quantitation value was a statistically significant predictor for the model

(t=12.64, p<.001). See Figure A1.2 for R linear regression summary.

Figure 4.3
Scatterplot showing correlation between quantitation values and total number of observed
peaks. The r value of 0.9077 indicates a strong correlation.

4.2

Stability study
To explore the effect of processing delays for fingerprint evidence on paper, samples

were collected from three donors and extracted once a month for 12 months. All samples were
quantitated and amplified.
Based on the results, DNA remained stable over the 12 months. Table 4.4 lists the DNA
quantitation values for each subject for each month. The DNA recovered month to month
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remained consistent for each donor. An exception occurred in Month 2, where the sample from
donor 002C demonstrated a quantitation value of 3.2568 ng/µl. A Grubbs test was performed to
determine if a single outlier was present in the stability data for all months. The G statistic was
G=5.82 and p<.001. The p-value was less than 0.05, therefore, the quantitation value 3.2568
ng/µl was considered an outlier. The outlier value was removed from further analysis (See
Appendix III Figure A3.1 for Grubbs Test summary). DNA averages over all 12 months
demonstrated large standard deviations and differences between individual donors typical for
touch DNA research. Averages for donor 001C (0.0016 ± 0.0011 ng/µl) and donor 005C (0.0012
± 0.0009 ng/µl) were similar while donor 002C had generally higher DNA yields (0.0501±
0.0324 ng/µl).
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Table 4.4
Quantitation value by donor by month. The value for month 2 from donor 002C was an outlier
and was not included in the average and standard deviation calculations.
Month
0
1
2
3
4
5
6
7
8
9
10
11
Average
Standard Deviation

Donor 001C
(ng/µl)
0.0019
0.0007
0.0033
0.0037
0.0011
0.0033
0.001
0.0002
0.0009
0.0021
0.0012
0.0009
0.0016
0.0011

Donor 002C
(ng/µl)
0.0644
0.0183
3.2568
0.0248
0.0301
0.0861
0.1125
0.0854
0.0413
0.0296
0.0454
0.0135
0.0501
0.0324

Donor 005C
(ng/µl)
0.0003
0.0003
0.0014
0
0.001
0.0005
0.0009
0.0017
0.0028
0.002
0.003
0.0007
0.0012
0.0009

As seen in Figure 4.4, there was spread in the three quantitation values month to month.
Months five, six, and seven showed the largest and months two and 11 the smallest spread in
quantitation values. The median values appeared consistent from month to month. The means
vary month to month similar to spreads. To evaluate if there was a statistically significant
difference among any of the means, a one-way analysis of variance (ANOVA) was performed.
As determined by one-way ANOVA F(11)=0.34 p=.97, there was no statistically significant
difference among the monthly means.
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Figure 4.4
Box and whisker plot for quantitation values by month; n=3 each. Dark lines indicate the
median, the upper whisker indicates the maximum and the lower indicates the minimum. The
diamonds indicate the mean. Month six showed the largest range in quantitation values and the
greatest mean.
In addition to evaluating the quantitation values for each month, the sample DNA profiles
were examined to evaluate the effects of time on DNA profile quality and completeness. As seen
in Figure 4.5, there was a large spread in the number of alleles detected each month relative to
the quantitation value. Samples with low quantitation values demonstrated low numbers of
alleles detected. As the quantitation value increased, there was variability in the number of
alleles detected. A multiple regression was performed to evaluate the predictive value of the
quantitation value and month of extraction on the alleles detected. The resulting multiple
regression demonstrated a statistically significant effect (F(12,22)=2.92, p=.014, R2=0.614). The
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individual predictors were evaluated. The quantitation value was found to be a statistically
significant predictor for the model (t=5.56, p<.001), while the month of extraction was not found
to be a statistically significant predictor.

Figure 4.5
3-D scatterplot of quantitation values and alleles detected by month, n=3 per month. For each
month, the number of alleles detected is on the right side of the figure and the quantitation
value for the sample is on the left side. A larger DNA quantity was observed for samples with
a greater number of alleles detected.

4.3

Optimization of workflow
A series of studies were performed to evaluate the order of processing paper samples for

latent prints, questioned documents, and DNA analysis.
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4.3.1

Latent fingerprint study

Two chemical treatments and two application methods were evaluated to determine their
impact on latent print detection and DNA recovery after chemical treatment. Ninhydrin and 1,2indanedione zinc chloride treatments were tested. The dip and spray application methods were

tested with each chemical treatment. Sets of four print samples were collected from three donors
for the latent fingerprint study.
The average number of latent prints detected for the 1,2-indanedione zinc chloride
treatments was greater than for the ninhydrin treatments for both application methods (three
versus one or less). Table 4.5 lists the average number of latent prints detected for each chemical
treatment (n=3 for each treatment) and application method (n=3 for each application method).
Through a multiple regression analysis, the predictive value of the chemical treatment
and application method on the number of latent prints of value was evaluated. A statistically
significant effect was observed for chemical treatment and application method on the total
number of latent prints of value observed (F(2,9)=7.01, p=.014, R2=0.609). The evaluation of
individual variables showed that chemical treatment was a statistically significant predictor for
the model (t=-3.74, p=.004) while treatment method was not a statistically significant predictor
(t=-0.25, p=.808).
Table 4.5
Average latent prints of value (weighted) for chemical and treatment application. For each
condition, n=3. The weighted LP values were AFIS value (AV)=2, value (V)=1, and no value
(NV)=0.

dip
spray

Ninhydrin
1
0.6667

Indanedione
3.333
3.333

Due to the predictive significance of the chemical treatment, the sample means for the
number of latent prints of value were evaluated. As seen in Figure 4.6, the means for the two
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treatments appear different. A Welch two sample t-test was performed to evaluate the means.

The null hypothesis is the difference between means equals zero. The alternative hypothesis is
the difference between means is not equal to zero. There was a statistically significant effect for
chemical treatment on the number of latent prints of value detected, t(7.78) = 3.93, p =.004 (as

seen in Figure A4.2 in Appendix IV).

Figure 4.6
Box and whisker plot of latent prints of value(weighted) and chemical treatment, n=6 for each
chemical treatment. The top whisker indicates the maximum and the dark lines indicate the
median. The lower whisker indicates the minimum and the diamond indicates the mean. A
larger number of latent prints of value was observed for indanedione. Prints were weighted
AFIS value (AV)=2, value (V)=1, and no value (NV)=0. Up to 4 prints were expected per
sample.
After chemical treatment, samples were processed for DNA. The evaluation of all
quantitation values (n=3 for each treatment and application combination) revealed that the spray
Ninhydrin combination had the highest average DNA concentration (0.0034 ng/µl). Table 4.6
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lists the average quantitation values per chemical treatment and application method. 1,2-

indanedione zinc chloride dip method demonstrated the second highest average DNA
concentration (0.0027 ng/µl), while the two other combinations had lower DNA recovery.
The predictive value of the chemical treatment and treatment application on quantitation

value was evaluated through multiple regression. The resulting multiple regression demonstrated
no statistically significant effect among the chemical method, treatment application, and
quantitation value, (F(2,9)=0.039, p=.961, R2=0.008).
Table 4.6
Average quantitation value for chemical and treatment application (ng/µl), n=3 for each.

Dip
Spray

4.3.2

Ninhydrin
0.0016
0.0034

Indanedione
0.0027
0.001

Questioned document study

This series of experiments was conducted to determine when the paper should be
swabbed for optimal DNA recovery and if the EDD film should also be swabbed for DNA after
contact with the paper sample. After direct and EDD swabbing, DNA samples were extracted

and quantified, while the sheets of paper were processed for latent prints.
Multiple sampling conditions were evaluated for both the paper and the EDD film. The
average quantitation values for each condition are listed in Table 4.7. The average quantitation

value for the dry/dry swabbing of paper with no vacuum yielded the highest average DNA
concentration, 0.0023 ng/µl. The dry/dry swabbing of the paper and film, and the dry/dry
vacuum swabbing of paper yielded the second highest average quantitation values, 0.0011 ng/µl
and 0.001 ng/µl, respectively. The average DNA concentrations for the remaining conditions did
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not exceed 0.001 ng/µl. Lower average quantitation values were observed for all wet/dry

swabbing samples compared to the dry/dry samples.
The swabbing method and area sampled were evaluated with a multiple regression model
to determine their predictive value on the quantitation value observed. No statistically significant

effect was observed for the variables on the quantitation value observed, (F(3,20)=0.969 p=.427,
R2=0.127).
Table 4.7
Average quantitation value for swabbing type and areas swabbed (ng/µl), n=3 for each
condition. Wet/dry is double swabbing with a wet swab followed by a dry swab. Dry/dry is
swabbing with a dry swab only. Vac indicates vacuum swabbing of the paper prior to
swabbing of the paper and/or film.

wet/dry
dry/dry

vac_swab
film
0.0004
0.0001

vac_swab
paper
0.0005
0.001

vac_swab
paper/film
0.0004
0.0006

swab film
0.0002
0

swab
paper
0.0003
0.0023

swab
paper/film
0.0007
0.0011

After latent print development most samples yielded less than two prints of value. Table
4.8 lists the averages for the latent prints of value observed for all sampling conditions. The
highest value, an average of 2 latent prints of value, was obtained for these DNA collection
methods: dry/dry swabbing of paper plus film, vacuum swab and dry/dry swab of paper, and
wet/dry swabbing of the film. The remainder of the conditions did not exceed 2 latent prints of
value observed.
A multiple regression model for predictive effects did not show a statistically significant
effect for the swabbing method or area sampled on the number of latent prints of value observed,
(F(3,20)=0.393 p=.759, R2=0.055).
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Table 4.8
Average number of prints of value (weighted) for swabbing type and areas swabbed, n=3 for
each condition. Wet/dry is double swabbing with a wet swab followed by a dry swab. Dry/dry
is swabbing with a dry swab only. Vac indicates vacuum swabbing of the paper prior to
swabbing of the paper and/or film. Up to four prints were expected for each sample. Prints
were weighted AFIS value (AV)=2, value (V)=1, and no value (NV)=0.

wet/dry
dry/dry

vac_swab
film
1
1

vac_swab
paper
1
2

vac_swab
paper/film
1
0.5

swab film
2
1.5

swab
paper
0.5
1.5

swab
paper/film
1.5
2

No statistically significant relationship was observed for the swabbing method and area
swabbed on quantitation value, or on the total latent prints of value. A separate evaluation for all
factors together: swabbing method, area swabbed, and total latent prints of value on the
quantitation value was performed through a multiple regression. A statistically significant effect
was observed for the factors on the quantitation value, (F(4,19)=3.22 p=.035, R2=0.404). The
individual predictors were also evaluated. The area swabbed (variable “Swabbingswab paper” in

R model, per Figure A4.6 in Appendix IV) was a statistically significant predictor for the model
(t=2.24, p=.037). The total number of latent prints of value was also a statistically significant
predictor (t=2.97, p=.007), while the swabbing method was not found to be a statistically

significant predictor.

4.3.3

Vacuum swab evaluation

Once the latent print study and questioned document studies were completed, an
additional evaluation of the vacuum swab method was undertaken. Minor adjustments to swab
method and extractions were performed. Vacuum swabbing was performed with either a wet
swab pre-moistened with 10 µl 0.1% Triton X-100 or a dry swab. A glass Pasteur pipette or an
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unfiltered plastic pipette tip was used to hold the swab and guide it over the paper surface while

the vacuum was applied.
The average number of latent prints of value were compared for the pipette material and
swabbing method combinations (see Table 4.9). All methods performed comparably; however,

the wet swab with the glass Pasteur pipette showed the greatest number of latent prints of value.
From multiple regression analysis, no statistically significant predictive value was found for the
pipette material and swab method on the number of latent prints of value F(2,15)=0.484 p=.625,
R2=0.060.
Table 4.9
Average number of latent prints of value for swabbing method and pipette material
Prints were weighted AV=2, V=1, NV=0; wet plastic n=3, dry plastic=3, dry glass n=6, wet
glass n=6.
Swab and Pipette
dry glass
dry plastic
wet glass
wet plastic

Average LP total (weighted)
4
4
4.5
4.33

Using a plastic pipette was shown to have a positive effect on DNA recovery, but only
for one extraction method. Table 4.10 shows the average quantitation value for the two types of
pipettes used for vacuum swabbing, the state of the swab, and the two extraction methods tested
in the additional vacuum swab evaluation. All samples extracted with the Chelex-Tween method

demonstrated average quantitation values greater than zero, but DNA concentration averages
were higher for samples vacuum swabbed with the plastic pipette tip. The two sets extracted with
the ForensicGEM method had positive average quantitation values; however, the DNA

quantitation values were low. DNA concentration averages for wet and dry swabs appear similar.
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A multiple regression model was evaluated to determine the predictive value of the

pipette used for the vacuum swabbing, the swab being wet or dry, and the extraction method on
the quantitation value. The resulting multiple regression model demonstrated no statistically
significant effect, (F(3,14)=2.92, p=.070, R2=0.385); however, one factor, the material of the

pipette/pipette tip, was found to be a statistically significant predictor for the model (t=2.48,
p=.027).
Due to the poor performance of the ForensicGEM SexCrime kit with the glass Pasteur
pipette, the plastic pipette vacuum swab method was not evaluated (see Table 4.10).
Table 4.10
Swabbing method, extraction method, and quantitation value (ng/µl)

ChelexTween
ForensicGEM
SexCrime

Glass
Vac dry
Vac wet
0.0002
0.0001
0.0004
0.0006
0.0002
0.0016
0
0.0002
0.0009
0.0006
0.0004
0.0002

Plastic
Vac dry
Vac wet
0.0001
0.0002
0.0021
0.003
0.0062
0.0039
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.

The multiple regression models evaluated above were not predictive for the number of
latent prints of value nor the quantitation value. A separate evaluation of the material used for the
vacuum swabbing, wet or dry swabbing, extraction method, and the number of latent prints of
value was conducted to determine the predictive effect on the quantitation value. No statistically
significant effect was observed, (F(4,13)=2.34, p=.109, R2=0.419); however, the material of the
pipette/pipette tip, was a statistically significant predictor (t=2.38, p=.033).
The box and whisker plot, Figure 4.7, depicts the spread in quantitation values for the
vacuum swab methods utilizing plastic pipette tips or glass Pasteur pipettes and either a wet
swab or dry swab. Both vacuum swab methods using the glass pipette showed similar
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quantitation values and means that appear close to zero. A one-way analysis of variance

(ANOVA) was performed to evaluate the means. There was no statistically significant difference
among the means F(3) = 3.01, p = .065.

Figure 4.7
Box and whisker plot for vacuum swab method and quantitation value spread. For dry vacuum
swab with glass pipette and wet vacuum swab with glass pipette, n=6 each. For wet vacuum
swab with plastic pipette tip and dry vacuum swab with plastic pipette tip, n=3 each. The top
whisker indicates the maximum and the dark line indicates the median. The bottom whisker
indicates the minimum and the round dots indicate outliers above the maximum. The diamond
indicates the mean. Dry vacuum swabbing with the plastic pipette showed the widest range in
quantitation value and the highest mean DNA quantitation value.

4.4

Mock casework

4.4.1

DNA analysis
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A workflow was determined based on data from the previous studies. Samples were

swabbed for DNA using the vacuum swab method, processed with the EDD to develop indented
writing, and then chemically treated for detection of latent prints. Mock casework samples were
processed in sequence with two different weights of paper.

Samples from 12 volunteers were collected on 20 lb copy paper and 15 lb notepad paper.
For each sample, the volunteer wrote a pre-selected passage on the paper using their own pen in
their own desk space. Each volunteer was advised to handle paper as they normally would. The
time interval since last handwashing was also recorded during collection. All samples were dry
vacuum swabbed using the glass Pasteur pipette. Samples were extracted with the Chelex-Tween
method. All samples were quantified with the Quantifiler Trio kit. As seen in Figure 4.8, the
means for the two paper weights were similar and there was some spread in quantitation values.
A Welch two sample t-test was performed to evaluate the means. There was no significant effect
for paper type on DNA quantitation value obtained, t(14) = 0.585, p = .567.
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Figure 4.8
Box and whisker plot of quantitation value and paper type, n=12 for each paper type. The
bottom whisker indicates the minimum. The dark line indicates the median and the top
whisker indicates the maximum. The dots above the top whisker indicate outliers and the
diamond indicates the mean. The copy paper had a larger mean value with two outliers above
the maximum.
Quantitation values for each donor for each paper type are listed in Table 4.11. Greater
DNA quantitation values were observed for donors 007C and 009C for both paper types
compared to other donors, except for the quantitation value for donors 010C and donor 014C for
the notepad paper and donor 008C for the copy paper. The quantitation values among the

remaining donors were similar for both types of paper.
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Table 4.11
Donor quantitation value by paper type, n=12 each.
Donor
002C
005C
006C
007C
008C
009C
010C
011C
012C
013C
014C
015C
Average
Std Deviation

Copy paper
0.0062
0.0035
0.0036
0.0738
0.0137
0.0465
0.005
0.0081
0.0039
0.0038
0.0024
0.0053
0.0146
0.0222

Notepad paper
0.0093
0.0036
0.0045
0.0332
0.0075
0.0194
0.02
0.005
0.0037
0.0045
0.0105
0.0059
0.0105
0.0091

For each sample collected, the time since last handwashing was also noted. Figure 4.9
shows the spread of DNA quantitation values based on the time since last handwashing in
minutes. Three samples exceeded 0.002 ng/µl while the remaining samples did not exceed that
value regardless of the time since handwashing. For the three samples that exceeded 0.002 ng/µl,
the time since handwashing was greater than 50 minutes.
A linear regression was performed to assess the relationship between the DNA
quantitation value and the time since last hand washing. The resulting linear regression model
demonstrated no statistically significant effect, (F(1,22)=1.35, p=.257, R2=0.058).
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Figure 4.9
Scatterplot for quantitation value and time since last handwashing, (n=12 each for copy paper
and notepad paper). The r value equals 0.24 which indicates a weak correlation.
All samples were genotyped with the Globalfiler amplification kit and categorized based
on their DNA profile quality. Samples could either be suitable or not suitable for interpretation.
As seen in Figure 4.10, there is a difference between the quantitation values for interpretable and
uninterpretable DNA profiles. The mean quantitation value for uninterpretable profiles was
0.00348 ng/µl and much lower than the mean for the interpretable profiles (0.0128 ng/µl). A
Welch two sample t-test showed a significant effect for the quantitation value on the
interpretability of the DNA profile, t(18.8) = -2.62, p = .017.

69

Figure 4.10
Box and whisker plot of quantitation value and interpretable profile, n=12 copy paper, n=12
notepad paper; The bottom whisker indicates the minimum, the dark line indicates the median,
the top whisker indicates the maximum and dots above and below the whiskers indicate
outliers. The diamonds indicate the mean. A wider spread of quantitation values was observed
for samples suitable for interpretation.
All touch paper samples were compared to the DNA profile of their known donors.

Figure 4.11 visually demonstrates the genotype results for all samples in a heat map showing
each locus in the Globalfiler multiplex. Eight of the copy paper samples and 11 of the notepad
paper samples were suitable for interpretation. Four of the interpretable copy paper samples were
single source (profile attributable to one individual) and the remaining four were mixtures with a
major donor (individual who contributed more DNA and can be distinguished from other
donors). For all interpretable copy paper samples, the primary (single source donor) or major
donor were consistent with the expected donor. This observation is further supported by the high
percentages of donor alleles observed for all interpretable copy paper samples.
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In contrast to the copy paper samples, only one interpretable notepad paper sample was

single-source and the remaining interpretable samples were mixtures with a major donor. For all
but one interpretable sample, the primary or major donor was consistent with the expected donor.
For the interpretable sample that was not consistent with the expected donor, only 41% of

expected donor alleles were observed.

Figure 4.11
DNA profile heatmap for Globalfiler amplified samples; n=12 copy paper (CP), n=12 notepad
paper (NP). Samples suitable for interpretation were more frequently single source or mixtures
with a major donor.
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A multiple regression model was evaluated for the following factors: percentage of donor

alleles, paper type, quantitation value, time since handwashing, total number of latent prints of
value, if drop out was observed, and the number of contributors to the profile and their predictive
value for whether the profile was interpretable. The resulting multiple regression demonstrated a

statistically significant effect, (F(7,16)=7.85, p<.001, R2=0.775). The percentage of alleles
consistent with the expected donor was found to be a statistically significant predictor for the
model (t=4.53, p<.001). The paper type was also found to be a statistically significant predictor
for the model (t=2.26, p=.038).

4.4.2

Questioned document analysis
Following DNA collection, the paper samples were processed with the electrostatic

detection device to detect indented impressions. Detection of indentations or impressions was
noted as suitable for Questioned Document indentation/impression analysis. Lack of
indentation/impression detection was noted as not suitable for Questioned Document
indentation/impression analysis. Indented writing was detected in 100% of the copy paper
samples and 91% of the notepad paper samples following EDD processing. No additional
Questioned Document analysis was performed.

4.4.3 Latent print analysis
After EDD processing, the samples underwent chemical treatment with 1,2-indanedione
zinc chloride solution using the dip application method to detect latent fingerprints. Following

treatment, all samples were photographed, printed, and evaluated by a Latent Print examiner.
Latent prints of value were marked on the images for each sample.
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As seen in Figure 4.12, the mean number of latent prints of value observed for each paper

type appear similar. A Welch two sample t-test was performed to evaluate the mean number of
latent prints of value observed for each paper type. There was no significant effect for paper type
on the number of latent prints of value observed, t(17) = 0.531, p = .602.

Figure 4.12
Box and whisker plot of prints of value and paper type, n=12 each. The top whisker indicates
the maximum and the dark line indicates the median. The bottom whisker indicates the
minimum and the diamond indicates the mean. The dot above the top whisker indicates an
outlier. The sample spread of the two paper types is similar; however, the mean for copy paper
is greater.
The number of latent prints of value were evaluated for each donor. Table 4.12 shows the
number of latent prints of value for each donor by paper type. Donor 007C deposited the largest
number of prints for both the copy paper and the notepad paper. Donor 013C deposited the
second largest number of latent prints of value for the copy paper samples. Donors 008C and
013C deposited the second largest number of latent prints of value for the notepad paper
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samples. The remaining donors deposited approximately 10 or less latent prints of value for each

paper type.
Table 4.12
Donor and prints of value by paper type, n=12 each.
Donor
002C
005C
006C
007C
008C
009C
010C
011C
012C
013C
014C
015C
Average
Std Deviation

Copy
0
3
0
24
3
2
4
9
2
13
1
9
5.83
7.01

Notepad
4
2
0
14
10
1
5
4
3
8
3
1
4.58
4.14

Time since handwashing was evaluated to determine if that was a factor in the number of
latent prints of value observed for a given sample. As seen in Figure 4.13, the number of latent

prints of value for comparison appears to increase as the minutes since last handwashing
increases. A linear regression model showed a statistically significant effect for the number of
latent prints of value and time since last handwashing, (F(1,22)=5.38, p=.03, R2=0.197). The

time since handwashing was found to be a statistically significant predictor (t=2.32, p=.03).
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Figure 4.13
Scatter plot for time since last handwashing and number of latent prints of value on
handwritten paper (n=12 each for copy paper and notepad paper). The r value equals 0.444
which indicates a moderate association between the variables.
The total number of latent prints of value for comparison was also compared to the DNA
profile’s suitability for interpretation (see Figure 4.14). A Welch two sample t-test was used to
evaluate the means for the two interpretability conditions. There was a significant effect for the
number of latent prints of value on the interpretability of the profile, t(21) = -3.42, p = .002.
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Figure 4.14
Box and whisker plot of latent prints of value and interpretability of DNA profile, n=12 copy
paper and n=12 notepad paper. The bottom whisker indicates the minimum, the dark line
indicates the median and the upper whisker indicates the maximum. The diamond indicates the
mean. The dot above the upper whisker indicates an outlier. A wider spread in number of
latent prints of value was observed for the interpretable DNA profiles.

4.4.4 Success rates for different paper substrates
A collaborator at John Jay College collected DNA samples after handwriting on five
different paper types using the vacuum swab method (Hopkins 2020). The previous work
stopped at DNA quantitation, this additional analysis covers the Globalfiler STR amplification
and detection for these samples. DNA profiles were evaluated for the number of donor alleles
present and if the DNA profile was interpretable.
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Table 4.13 showed different DNA amounts deposited by the same donor on the different
paper substrates. The highest amount of DNA recovered was from donor V30 on notebook
paper. For copy paper, donors V25 and V36 demonstrated the highest DNA recovery, and V25,
V32, and V34 left the most DNA behind on manila envelopes. All five donors left less DNA
behind on the other paper substrates. For magazine paper samples and deposit slips, the amount
of DNA recovered was similarly low for all donors. The means and standard deviations are
depicted in Table 4.13. Hopkins could show that the differences in amount of recovered DNA
were significant for the following pairwise comparisons: magazine paper to copy paper,
notebook paper and manila envelopes, and deposit slips to copy paper and manila envelopes
(Hopkins 2020).
Table 4.13
Donor concentration by paper type, n=9 for each.

donor_V25
donor_V27
donor_V28
donor_V30
donor_V31
donor_V32
donor_V34
donor_V35
donor_V36
Average
Std Deviation

Notebook
paper
0.0085
0.0037
0.0057
0.0581
0.0107
0.0035
0.0085
0.0047
0.0011
0.0116
0.0176

Copy
paper
0.037
0.0035
0.0033
0.0113
0.0109
0.0021
0.0049
0.0114
0.0219
0.0118
0.0112

Magazine
0.0068
0.0004
0.0038
0.0019
0.0002
0.0008
0.0006
0.0022
0.0029
0.0021
0.0021

Manila
Envelope
0.0232
0.0015
0.0056
0.006
0.0062
0.0368
0.0358
0.0082
0.0077
0.0145
0.0137

Deposit
slip
0.0007
0.0012
0.0009
0.0049
0.0003
0.0011
0.0011
0.0007
0.0094
0.0022
0.003

Sample quantitation values were compared to the interpretability of DNA profiles. As
seen in Figure 4.15, there is a larger spread in quantitation values for samples with interpretable
DNA profiles. Quantitation values for uninterpretable profiles were around or below 0.01 ng/µl.
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Using the Welch two sample t-test, there was a significant effect for the quantitation value on the
interpretability of the profile, t(25) = -2.98, p = .006.

Figure 4.15
Box and whisker plot for concentration and interpretable DNA profile , n=9 each paper type
(copy paper, notebook paper, magazine, manila envelope and deposit slip). The bottom
whisker indicates the minimum. The dark line indicates the median and the top whisker
indicates the maximum. A dot above the top whisker indicates an outlier. The diamond
indicates the mean. There is a larger spread in DNA quantitation values for the interpretable
DNA profiles.
Profiles were evaluated for profile type determination (single source, mixture with
major donor, minimal, and mixture with no major donor) and suitability for interpretation. As
depicted in Figure 4.16, more interpretable profiles were observed for manila envelopes than
other paper surfaces. Most of the interpretable manila envelope profiles were single source. For
all other paper types, the majority profile type was a mixture.
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Figure 4.16
Percentage of total profiles interpretable showing stacked percentages of interpretable single
source and interpretable mixture profiles; n=5 notebook paper, n=5 copy paper, n=3 magazine,
n=7 manila envelope, n=4 deposit slip. Notebook paper: 55.5%, copy paper: 55.5%, magazine
paper: 33.3%, manila envelope: 77.7%, deposit slip: 44.4%
The interpreted DNA profiles for the five paper types were compared to expected donor
profiles. Samples with a primary (single source contributor) or major donor (donor who
contributed more DNA that is easily distinguished from other contributors) consistent with the
expected donor were noted, as depicted in Figure 4.17. The primary/major donor was consistent
with the expected donor for 100% of the notebook paper, magazine paper, and manila envelope
samples.
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Figure 4.17
Percentage of interpretable profiles where primary/major donor matches the expected donor;
n=5 notebook paper, n=5 copy paper, n=3 magazine, n=7 manila envelope, n=4 deposit slip.
One hundred percent of the notebook paper, magazine paper, and envelope profiles were
consistent with the expected donor.
After a comparison of expected donor profiles to the DNA profiles obtained for the
samples, separate heat maps were created for each paper substrate to visualize alleles observed
for each locus. The number of interpretable profiles differed from substrate to substrate. As seen
in Figure 4.18 for copy paper samples, five out of nine were interpretable. The sample from
donor V25 showed a full single source DNA profile consistent with the expected donor. The
remaining interpretable samples were mixtures, with three out of the remaining four showing a
major donor. The other interpretable sample was a mixture consistent with two major donors that
could not be distinguished from one another.
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Figure 4.18
Copy paper DNA profile heatmap, n=9. A single source profile was obtained from donor V25,
while the remaining interpretable profiles were mixtures.
Figure 4.19 visually depicts the alleles detected for each notebook paper sample
compared to alleles expected from each donor. Five out of nine of the samples were
interpretable. Two interpretable samples were single source and consistent with the expected
donor. The remaining interpretable samples were mixtures with a major donor also consistent
with the expected donor. The single source sample from donor V30 showed alleles present but
no donor alleles at TPOX due to poor sizing and migration at that locus.
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Figure 4.19
Notebook paper DNA profile heatmap, n=9. Two interpretable samples were single source and
the remaining interpretable profiles were mixtures with a major donor.
Figure 4.20 summarizes the interpretation and comparison of known donor genotypes to
the DNA profiles obtained from the magazine samples. Three out of nine samples were
interpretable. One interpretable sample was single source and the remaining two were mixtures
with a major donor. The primary (single source) or major donor for all interpretable samples was
consistent with the expected donor.
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Figure 4.20
Magazine DNA profile heatmap, n=9. Three out of nine samples were interpretable and
consistent with the expected donor.
Interpretability and comparisons to known donor genotyopes for manila envelope
samples are summarized in Figure 4.21. Seven out of nine samples were interpretable. Four of
out seven were single source and consistent with the expected donor. The remaining interpretable
profiles were mixtures with a major donor also consistent with the expected donor.
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Figure 4.21
Manila envelope DNA profile heatmap, n=9. Seven out of nine samples were interpretable and
consistent with the expected donor.
As seen in Figure 4.22, four out of nine samples were interpretable. Two interpretable
samples were single source. One was consistent with the expected donor. The two remaining
interpretable samples were mixtures with a major donor and only one was consistent with the
expected donor.
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Figure 4.22
Deposit slip DNA profile heatmap, n=9. Four samples were interpretable and only two were
consistent with the expected donor.
As depicted in the heatmaps, magazine and deposit slip samples showed more drop out
(no alleles detected at a locus) than others. The manila envelope samples consistently showed
more full donor alleles present than all other paper types.
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CHAPTER 5. DISCUSSION

5.1 Extraction study
5.1.1 Sampling methods
Sample collection methods were compared after quantitation. Both swabbing methods

performed better than the direct cutting methods tested for all extraction protocols evaluated;
however, low DNA recovery was observed for all methods. The dry swabbing method
performed comparably to the wet/dry swabbing method. This is similar to a result obtained by
Hess and Haas (2017) when comparing dry and wet swabbing for another porous substrate
(clothing). On the other hand, it is widely recommended to use wet swabs for non-porous
substrates (Hedman et al., 2020).
One problem with the direct cutting of samples was the lack of information on where
contact occurred on the paper sample, which required the sampling of a larger area. Due to this
lack of information, the entire sample was cut into small pieces to improve sample suspension in
the lysis solution during the extraction process; however, such sampling also led to multiple
tubes of cuttings for a single sample, increasing the potential for contaminant introduction or
sample confusion (if processing multiple samples). Non-destructive means for detecting contact,
through non-chemical visualization may improve the direct cutting process by guiding the
analyst in areas to be cut for sampling. Sewell et al. (2008) were able to show successful DNA

recovery for some types of paper even after chemical fingermark development. But as in this
study, their cutting and extraction method was not successful for white copy paper. This lack of
DNA recovery may be due to the presence of chemicals such as bleaching and whitening agents

in the paper interfering with the DNA extraction (Sewell et al., 2008). Using swabs to recover
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contact trace deposits on the paper surface allows for targeting large areas and avoids the

introduction of inhibitors from the substrate.

5.1.2 Extraction methods

The DNA yields for each extraction protocol were compared. A wide spread of DNA
quantitation values was observed for the Chelex-Tween method compared to the other extraction
methods, with a maximum value exceeding 0.003 ng/µl. The QIAamp method also demonstrated
a large spread; however, with a smaller maximum quantitation value. A wide range of DNA
yields from different samples is typical for studies dealing with contact traces, and can be
explained by the varying amounts of biological material human subjects deposit through
touching (Lowe et al., 2002). The Direct to PCR, Simple Lysis/Microcon, and ForensicGEM
SexCrime kit samples performed poorly compared to the Chelex-Tween method. The relative
success of the Chelex-Tween and QIAamp kit methods is likely due to the purification and
concentration steps within each of the two methods. Following lysis of the sample, both methods
use a column to perform washing of the sample to remove impurities and PCR inhibitors that
may be present.

5.1.3 Combined evaluation of sampling and extraction methods

5.1.3.1 Quantitation data
Higher DNA recovery was observed for the dry/dry swabbing samples extracted with
the Chelex-Tween method. A similar result was observed for tape lifts from clothing extracted

with the same method (Forsberg et al., 2016). The higher DNA recovery can be explained by the
nature of the swab material and its ability to release DNA into solution (Bruijns et al., 2018). The
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higher DNA recovery with the Chelex-Tween method can be explained by less sample

manipulation compared to traditional silica-based methods, where both the DNA binding and
release step can be inefficient (Forsberg et al., 2016).
From the multiple linear regression model, a statistically significant effect was

observed for the extraction methods and sampling methods. Upon further evaluation of the
model, the dry/dry swabbing and wet/dry swabbing methods were significant predictors for the
quantitation value. This finding is in line with previous work by Plaza et al. (2015) which
demonstrated better DNA recovery from dry swabbing of paper compared to direct cuttings;
however, Hedman et al. (2020) has shown improved DNA recovery with a single wet swab
compared to the wet/dry method tested in this study.

5.1.3.2 STR Data
All samples were amplified, and DNA profiles were evaluated. No allelic peaks were
observed for the Simple Lysis/Microcon samples, and wet/dry and dry/dry swabbing samples
extracted with the ForensicGEM SexCrime kit. No allelic peaks were observed for the Direct to
PCR samples. The lack of allelic peaks may be explained by the presence of inhibitors due to no
purification step. This result contradicts work by Ostojic and Wurmbach, (2017) and Templeton
and Linacre (2014) in which DNA typing was successful with a single-tube extraction and direct

to PCR methods. The discrepancy in results may be explained by the larger sample size in the
tube and lower surface area exposed to the reagents. Additional vortexing or thermal mixing may
have improved cell release into solution.

The Chelex-Tween and QIAamp samples demonstrated better success for DNA typing
with four Chelex-Tween swab samples and two QIAamp samples showing STR allele peaks
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above and below the lower analytical threshold of 30 RFU (Charlotte-Mecklenburg Police

Department Crime Laboratory Biology Section, 2019). All STR data obtained for these samples
was consistent with the quantitation data. A linear regression model evaluating the predictive
nature of the quantitation value on the total number of peaks observed in a sample, showed a

statistically significant effect with the quantitation value being a significant predictor for the
model. Samples that quantitated at 0.001 ng/µl (amplification target of 15 pg) or higher
demonstrated peaks around the lower analytical threshold. This trend may be explained by the
increased sensitivity of the Globalfiler amplification kit, along with the input template amount
(Bogas et al., 2015).
The quantitation and STR data were used to guide the decision in which sampling method
and extraction method would be used for subsequent studies. Based on the quantitation average
and peaks observed in the STR data, the dry/dry swabbing method with the Chelex-Tween
extraction method were selected for use.

5.2 Stability study
After collecting samples from three volunteers, these were stored, and extracted over a
period of twelve months. One sample with a very high DNA concentration could be shown to be
an outlier and was removed from further data analysis. The outlier value was likely random and

due to variation during the sample collection. While the process of preparing hands for
depositing prints on the sample papers was the same, many factors may have impacted the
amount of DNA deposited on the paper surface. Sources of variation include DNA/cell shedder

status, cleanliness of hands, cleanliness of face and neck, amount of pressure placed on paper
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while depositing print sample, and amount of oils/ sweat on skin surfaces (van Oorschot et al.,

2010).
The quantitation values by donor by month remained consistent with no decrease of
DNA recovery over time. Donor 002C deposited greater quantities of DNA for each sample

compared to the other donors. This result suggests that donor 002C may shed more DNA due to
increased presence of sweat or oils on fingerprints prior to deposition of prints on the paper
sample. Overall, the quantitation data support the hypothesis that DNA deposited via
fingerprints on paper remains stable over time. This result is consistent with the Dong et al.
(2017) study of cotton glove touch samples stored for 2 to 360 days prior to sampling. No
statistically significant difference in DNA recovery was observed over time.
As expected, samples with more robust quantities of DNA generated more complete
profiles with 83% of the samples showing at least some alleles. At each locus where alleles were
detected, at least one allele was consistent with the expected donor; but, 27% of these samples
also demonstrated extraneous alleles indicative of a mixture of DNA donors. This extraneous
DNA may have been introduced by indirect DNA transfer during sample preparation, most likely
while “charging” washed hands by rubbing them on the face and neck areas (van Oorschot et al.,
2019).

5.3 Optimization of workflow
Small studies were performed to determine the order of paper processing to maintain
the integrity of the evidence for all three disciplines.

5.3.1 Latent fingerprint study
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Two chemical treatments and two application methods were evaluated to determine

the best combination for use with subsequent studies. A greater average number of latent prints
of value were observed for both application methods with 1,2-indanedione zinc chloride. A
similar result was observed by Levin-Elad et al. (2017) when comparing latent print development

with ninhydrin, DFO, or 1,2-indanedione on used train tickets. While the paper type Levin-Elad
et al. (2017) investigated was different (the paper was multi-layer with a cellulose-based layer
and thermal paper-based layer), the results are comparable. The dip and spray methods were
comparable for 1,2-indanedione. The dip method performed better than the spray method for
ninhydrin. Dipping application is the preferred method for both ninhydrin and DFO, while no
application method was specified for 1,2-indanedione (Champod et al., 2016).
A statistically significant effect was observed from the multiple regression model.
Approximately 60.9% of the variation in the number of latent prints of value observed can be
explained by the chemical treatment and application method variables. Additionally, the
chemical treatment method was found to be a statistically significant predictor in the number of
latent prints of value observed. The sample means for the number of latent prints of value for
each chemical treatment were evaluated with a Welch two sample t-test. A significant difference
between the means was observed which suggests the improved detection of latent prints of value
is attributable to 1,2-indanedione treatment. While there was an expectation for the ninhydrin

and 1,2-indanedione to perform similarly because they both react with amino acids, this study
and previous work by Levin-Elad et al. (2017) demonstrated the superior performance of 1,2indanedione treatment regardless of application method.

After samples were processed for latent fingerprints, they were swabbed for DNA
analysis to evaluate the impact of latent processing on the DNA recovered. A larger average
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quantitation value was observed for the spray ninhydrin samples followed by the dip 1,2-

indanedione samples. A multiple regression model demonstrated no statistically significant effect
for the chemical method or treatment application on the quantitation value. Neither chemical
treatment nor treatment application were significant predictors for the quantitation value for

these samples. This result conflicts with the Balogh et al. (2003) which found a decrease in DNA
recovery for ninhydrin- and iodine-treated samples; however, this result is consistent with the
findings of Stein et al. (1996) who found that latent print treatment did not reduce DNA
recovery. Similar findings were observed by Tsai et al. (2016) in which no significant reduction
in DNA recovery was seen for 1,2-indanedione-treated samples.
A multiple regression model to evaluate the predictive value of the chemical treatment
and application method on the quantitation value showed no statistically significant effect. The
lack of significance may be attributed to the minimal DNA quantitation values detected. The
small amounts of DNA recovered are typical for contact traces, but may be further reduced due
to the treatment or application method, or method of sample collection. The yields may also be
related to the shedder status of each donor (Lowe et al., 2002).
Application method was not statistically significant in either model evaluated. As a
result, the dip method was selected for use. By using the dip method, reagent was conserved and
the workflow for the Latent Print discipline was not altered. The number of latent prints of value

influenced the chemical treatment chosen for subsequent studies. 1,2-indanedione zinc chloride
chemical treatment was selected for use in the remaining experiments due to the larger numbers
of latent prints of value observed for both application methods.

5.3.2 Questioned document study
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Swabbing methods and the swabbing of the EDD components and/or the paper sample

were evaluated. Half of the samples underwent pre-processing through vacuum swabbing of the
paper prior to EDD processing. The paper or parts of the EDD were wet/dry or dry/dry swabbed
after EDD processing. Either the film, paper and film, or only the paper were targeted for sample

collection.
The non-vacuum swab, post-EDD dry/dry paper swabbing samples demonstrated the
largest average DNA quantitation value. Plaza et al. (2015) observed a similar result for copy
paper samples in which the EDD film was wet/dry swabbed and compared to dry swabbing of
the paper itself. A higher quantitation value was observed for the dry swabbing of the paper
samples.
No statistically significant predictive value was observed for the swabbing methods and areas
swabbed on the quantitation value.
Three conditions demonstrated the greatest average number of latent prints of value.
The pre-EDD vacuum dry/dry paper swab samples, non-vacuum wet/dry film swab samples, and
the non-vacuum dry/dry paper and film swab samples performed the best out of all conditions
evaluated. The non-destructive nature of these methods may explain the greater number of latent
prints of value detected. The swabbing methods and areas swabbed were not statistically
significant predictors for the number of latent prints of value in a multiple regression analysis.

A statistically significant effect was observed for the swabbing method, areas
swabbed, and the total latent prints of value on the quantitation value. Swabbing of the paper was
a statistically significant predictor for this model. This result suggests that the majority of the

DNA is collected by swabbing the paper surface. The total number of latent prints of value was
also a statistically significant predictor for the model. This result suggests that increased contact,

93

as demonstrated through the number of latent prints of value detected may indicate a higher

quantitation value following DNA processing. This result is intuitive, as increased contact of the
paper surface with a skin surface increases the likelihood for deposition of DNA through skin
cells or cell-free DNA. Such increased contact may also increase the likelihood of observing

latent prints of value for comparison.

5.3.3 Vacuum swab evaluation
A vacuum swab method was compared to the traditional swabbing method. Two
extraction methods, and four sampling(swabbing) methods were evaluated. All samples were
processed for latent prints after DNA sample collection to evaluate the impact of the vacuum
swab technique.
The pipette material and swabbing condition (wet versus dry) were not statistically
significant predictors for the number of latent prints of value. This result indicates the vacuum
swab method does not impact the number of latent prints of value. This finding confirms results
by McLaughlin et al. (2021). Since the vacuum swab method does not negatively affect the paper
surface, soaked in amino acids that form the friction ridge image should not have been displaced
either.
Greater quantities of DNA were observed for the Chelex-Tween samples and the

plastic pipette exhibited better performance. No statistically significant effect was observed for
the pipette material, swabbing method, or extraction on the quantitation value when evaluated
together; however, the pipette material was an individually statistically significant predictor.

The improved DNA recovery observed for the sterile plastic 1000ul unfiltered pipette
tips may be explained by the suction strength during sample collection. While vacuuming a
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sample, the plastic pipette tip had stronger suction on the paper. The increase in suction may

have removed more DNA from the surface; however, the increased suction also made it more
challenging to move the tip across the paper to sample the entire surface.

5.3.4 Proposed workflow
Following the initial extraction study, the Chelex-Tween method using dry/dry
swabbing was chosen for use in subsequent studies due to its performance compared to the other
methods evaluated.
The latent print study evaluated the application method and chemical treatment. All
samples in this study were sampled for DNA after latent print processing. Of primary importance
in this study was determining the optimal application method and chemical treatment to detect
the largest number of latent prints of value for comparison. A greater number of latent prints of
value for comparison were observed with samples treated with the 1,2-indanedione solution. The
treatment application method was not predictive of the quantitation value nor the number of
latent of prints of value for comparison; therefore, the dip method was suggested.
The questioned document study evaluated the order of sampling different components
of the EDD and the paper itself. The intention of this study was to determine if sampling of EDD
components that contact the paper surface may collect DNA during the EDD process. While

there was no statistically significant predictive value for the swabbing method and area swabbed
for the quantitation value and latent prints of value, a statistically significant effect was observed
when the swabbing area, swabbing method, and number of latent prints of value were evaluated

for their predictive nature for the quantitation value. The area swabbed (swab paper) and the total
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number of latent prints of value were statistically significant individual predictors for the model,

which suggested that the paper surface may be the best area to sample for the workflow.
These preliminary workflow decisions were made prior to the development of a new
sampling method, vacuum swabbing, by a collaborator at John Jay College. Additional

evaluation was undertaken to test the technique with the proposed workflow. The Chelex-Tween
extraction method remained the better method for recovering DNA. The material of the
pipette/pipette tip was a statistically significant predictor for the quantitation value, which
suggested that the use of the plastic pipette tip may perform better than the glass Pasteur pipette
used by McLaughlin (2021); however, the plastic pipette tip was more difficult to maneuver due
to the increase in suction while vacuum swabbing the paper surface. The glass Pasteur pipette
was chosen for the vacuum swab method.
Once all testing was complete, the following workflow was proposed. Paper evidence
would undergo vacuum dry swabbing with Chelex-Tween extraction, followed by EDD
processing, then 1,2-indanedione zinc chloride dip application. The decision to process paper
first for DNA was based on the low amounts of DNA recovered following latent print processing
and the low amounts of DNA recovered while processing the paper in conjunction with EDD.
During EDD processing for Questioned Document analysis, the paper sample will not be further
swabbed, as the data does not show greater DNA recovery when sampling the film or the paper

and film together. Because samples were swabbed for DNA first, the potential for contamination
at the Latent Print or Questioned Document processing steps was eliminated.

5.4 Mock casework
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Mock evidence samples were collected on 20 lb copy paper and 15 lb notepad paper.

Samples were processed for DNA, Questioned Documents, and Latent Prints. To mimic
evidence, volunteers were not advised to wash their hands immediately prior to sample
collection.

5.4.1 DNA processing
No significant effect was observed for the paper type/weight on the average DNA
quantitation value. Plaza et al. (2015) observed a similar trend in the dry swabbing of a variety of
paper types/weights; however, Sewell et al. (2008) observed large differences in average DNA
recovery from direct cuttings of paper.
This small sample set indicates the type/weight of the paper does not impact DNA
recovery and suggests this collection method may be suitable for a variety of paper types/weights
commonly encountered in casework. While the weights and texture of paper may have
contributed to the success of the DNA sampling method and amount of DNA detected at
quantitation, the donors may have also played a role. The largest DNA recovery was from donors
007C and 009C. The time since last handwashing, pressure applied to paper during sample
collection (Tobias et al., 2017), and shedder status may explain this result (Lowe et al., 2002)
Volunteers recorded the time since last handwashing prior to sample collection. A

greater quantity of DNA was expected from samples with a longer duration for the time since
last handwashing. From a linear regression analysis, no significant effect was observed between
the time since last handwashing and the DNA quantitation value. This result may be explained

by the shedder status (Lowe et al., 2002), the hand areas that contacted the paper surface (Oleiwi
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et al., 2015), and the daily activities that may have contributed to direct or indirect DNA transfer

to the skin surface (van Oorschot et al., 2010; van Oorschot et al., 2019).
Samples were amplified with the Globalfiler kit and compared to reference genotypes
to evaluate concordance with the expected donor and note extraneous alleles. Samples were

deemed suitable or not suitable for interpretation through evaluation of the number of loci with
alleles present, the relative peak heights at each locus if a mixture, and evidence of allelic drop
out. A Welch two sample t-test showed a significant effect for the quantitation value on the
interpretability of the profile. The mean quantitation value is higher for interpretable DNA
profiles, which is consistent with current expectations based on STR PCR sensitivity studies
(Ludeman et al., 2018). While with greater DNA recovery, single donor samples were expected
to be more interpretable, this expectation does not directly transfer to casework samples where
multiple handlers may have caused a DNA mixture. With an increase in DNA recovered, the
presence of extraneous alleles from transfer events may also increase (van Oorschot et al., 2010).
A statistically significant effect was observed for the multiple regression analysis
investigating the predictive value of percentage of donor alleles, paper type, quantitation value,
time since last handwashing, total number of latent prints of value, if drop out was observed, and
the number of contributors to the profile on whether the profile was interpretable. The percentage
of alleles consistent with the expected donor was a statistically significant individual predictor

for the model. The relationship between a higher percentage of alleles consistent with the
expected donor and the profile being suitable for interpretation is intuitive and may be explained
by shedder status (Lowe et al., 2002) and the nature of the paper surface (van Oorschot et al.,

2019). Transfer of DNA is more likely when contact is made on a rough, porous surface, such as
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paper. Accordingly, as discussed under 5.4.4. less porous and smoother paper like glossy

magazine paper yielded less DNA.
Looking at STR results from copy and notebook paper the paper type was a
statistically significant individual predictor to the model. The relationship between the paper type

and the suitability for interpretation of the profile is connected to amount of DNA deposited and
subsequently recovered. The greatest number of interpretable profiles was obtained from the
notepad paper. DNA success rates may be explained by the paper composition, porosity, and
ease of sample collection (van Oorschot et al., 2019). But both paper types have similar size and
surface parameters and the reason for the detected difference is unclear. Further testing of other
paper types and improved knowledge of the composition of the paper types may improve the
understanding of this relationship.

5.4.2 Questioned document processing
Expected indentations were mocked up on all papers prior to sample collection.
Samples were processed with the EDD and evaluated to determine if the indented impressions
were visible. Indented writing was detected in 100% of the copy paper samples and 91% of the
notepad paper samples. This result supports DNA processing by vacuum swab prior to
Questioned Document exam with no evidentiary loss. The slight difference in detection of

impressions between the two paper types was negligible and likely due to chance. The variation
in the preparation of expected indentations may have contributed to the results observed.

5.4.3 Latent print processing
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The number of latent prints of value were documented for each sample. There was no
statistically significant difference for the mean latent prints of value for paper type. This result
suggests that the weight of the paper does not impact the development and detection of latent
prints, similar to Fieldhouse et al. (2016) which showed dry swabbing minimally impacted latent
print development. This result suggests this method may be suitable for other paper types.
The number of latent prints observed for each donor by paper type was evaluated.
Donor 007C deposited the largest number of latent prints for both paper types. Donor 013C
deposited the second largest number of latent prints of value for copy paper and donor 008C
deposited the second largest number of latent prints of value for notepad paper. Donor 007C did
not have the greatest interval for time since last handwashing but did have the greatest DNA
recovered for both paper types. While donor 013C demonstrated the second largest number of
latent prints of value, the time since last hand washing was an hour and DNA recovery was low.
Donor 008C deposited the second largest number of latent prints of value for notepad paper and
had one of the longest intervals for time since last handwashing; however, the amount of DNA
recovered was low.
The large number of latent prints of value observed for donor 007C samples may be
explained by the shedder status of the individual and amount of sweat and oils on the fingertips
during sample collection (Lowe et al., 2002; Raymond et al., 2004) and (Zoppis et al., 2014).
The amount of sweat and oils on fingertips may relate to the time since last handwashing.
A linear regression analysis showed the time since last hand washing was a
statistically significant predictor for the number of latent prints of value. This result suggests that
a longer interval between last handwashing and deposition of latent prints may result in more
prints suitable for comparison. This may be explained by an increase in oils and sebaceous
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secretions on the hands due to touching of the face and other parts of the body prior to
handwashing (vanOorschot et al., 2019; Templeton & Linacre, 2014).
A significant effect was observed for the number of latent prints of value on a profile’s
suitability for interpretation. A higher quantitation value was observed for profiles suitable for
interpretation. This result may be explained by evidence of increased handling--a larger number
of latent prints indicates more handling. An increase in handling of the paper also increases the
potential for deposition of donor DNA and indirect transfer of extraneous DNA (vanOorschot et
al., 2019). Such an increase may improve the amplification and detection of the major DNA
donor in the sample.

5.4.4

Success rates for different paper substrates
Additional samples were collected by a collaborator at John Jay College. Handwriting

samples were collected on five paper types of varying weights and vacuum swabbed with the
“double back vacuum method” (Hopkins, 2020). Previous work had stopped at the quantitation
stage and samples were amplified, typed for STR polymorphisms, and interpreted as part of this
study.
Low DNA quantitation values were observed for all donors for the magazine and
deposit slip samples. No single donor demonstrated robust DNA recovery for multiple paper
types. The quantitation data does not indicate that a single donor was a greater DNA shedder
compared to the other donors. This result is consistent with Sewell et al. (2008) and Raymond et
al. (2004) in which variability in DNA deposition and recovery was observed for different paper
types and among donors.
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A statistically significant effect was observed for the quantitation value on the
interpretability of the DNA profile. As already discussed in 5.4.1. a larger quantity of DNA
impacts the efficiency of the amplification reaction. A greater amount of template DNA, if from
a single DNA donor, will yield a more informative profile (Ludeman et al., 2018).
Copy paper, notebook paper, and manila envelope samples demonstrated more robust
quantitation values and interpretable DNA profiles compared to samples collected from
magazine paper and deposit slips. The success of these three paper types may be attributable to
the combination of area, surface texture, porosity, weight, and/or composition (Sewell et al.,
2008; McLaughlin et al., 2021). The greatest number of interpretable profiles was obtained from
the manila envelopes. This paper type had a large area and the roughest surface, increasing the
chance of active DNA transfer (van Oorschot et al., 2019). While the data demonstrates that a
variety of paper types can be successfully processed for DNA using the vacuum swab technique,
the paper type and very likely the area available for sample collection impacts the success of
DNA typing.

5.5 Impact of instrumentation
The extraction study samples were processed with the 3130 Genetic Analyzer and
GeneMapper ID-X v1.4 analysis software. The stability study and mock evidence samples were

processed with the 3500 Genetic Analyzer and GeneMapper ID-X v.1.6 analysis software.
Samples collected from other paper substrates were processed with the 3500 Genetic Analyzer
and GeneMarker HID v2.9.5.

Two different sets of donors were used for the studies, three individuals provided samples
for the extraction study and an additional three individuals provided samples for the stability
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study. Donors provided “charged” print samples for both studies. Minimal DNA profiles were

observed for the extraction study samples run on the 3130 Genetic Analyzer while more robust
DNA profiles were obtained from the stability study samples run on the 3500 Genetic Analyzer.
The difference in DNA profile quality for the sets of samples is likely attributed to donor shedder

status. Lower quantities of DNA were detected for the extraction study samples compared to the
stability study samples. The quantitation value was consistent with the DNA profiling result
obtained for each sample.
The usage of two different Genetic Analyzer instruments may have contributed to some
of the profiling differences observed. Peak heights are known to be higher on the 3500 Genetic
Analyzer; however, stutter and heterozygote balance are comparable between the two
instruments (Bright et al., 2014). The impact of using two different instruments for the two
studies was minimal. The extraction study data was used for choosing the extraction method for
all subsequent experiments. Stability study data was only compared to itself to evaluate the
impact of time on DNA recovery from fingerprints.
The mock evidence study samples and additional paper substrate study samples were run
on 3500 Genetic Analyzer instruments; however, different injection parameters and analysis
software were used. The mock evidence samples were injected for 16 seconds at 1.2 kV and the
additional paper substrate samples were injected at 4 kV for 20 seconds. Per Thermo Fisher

Scientific (2014), the run parameters may be adjusted through an increase or decrease in
injection time or voltage to improve the strength of the DNA fragment signal. An increase in
injection time produces a stronger signal (Laurin & Fregeau, 2015). An increased voltage should

also improve signal strength (Thermo Fisher Scientific, 2014). Due to the differences in donors
and injection parameters, the data obtained from the mock evidence study was not directly
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comparable to the additional paper substrate samples. The data from the two studies was not

directly compared, so any injection parameter differences should not impact the results and
conclusions obtained.
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CHAPTER 6. CONCLUSIONS AND FUTURE RESEARCH

6.1 Conclusions
The mock evidence integrated workflow experiment best demonstrated success when
paper evidence processing begins with DNA sample collection. Electrostatic detection device

processing and latent print chemical treatment follow in that order. This approach allows for the
best chance at recovering DNA from the surface while minimizing the likelihood of
contamination during processing in other disciplines. While the proposed integrated workflow is
intuitive, the literature offered support for integrating DNA sample collection with EDD
processing (Plaza et al., 2015). Previous testing for the impact of latent print chemical treatments
on subsequent DNA processing had mixed results, and differences in DNA recovery were
attributed to the treatment method, humidity, and heat typically used to facilitate print
development (Raymond et al., 2004; Sewell et al., 2008).
The development of the mini-studies was guided by the literature and the author’s
previous experience processing evidence for DNA. The goal of the mini-studies was to better
understand each discipline’s processing and its impact on subsequent examinations. From the
extraction method mini-study, greater DNA quantitation values were observed for samples
processed using a dry/dry swab or vacuum swab technique and extracted with the Chelex-Tween
method. The dry/dry swab and vacuum swab methods did not impact EDD processing or

development of latent fingerprints using chemical means. Low DNA quantitation values were
observed for samples processed while using the EDD. Similarly low quantitation values were
observed for DNA samples collected after latent print treatment.

Based on these results, a DNA sample collection method (vacuum swab), extraction
method (Chelex-Tween), and latent print treatment and application (dip method with 1,2-
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indanedione zinc chloride), were proposed as a multi-discipline workflow also including EDD

processing. Consideration was given for how each process impacted the next process in the
series. Using handwritten notes collected from 12 donors, the proposed workflow showed
success in DNA profiling, detection of expected indented impressions, and development of latent

prints of value. While the sample size was small, this work provides a basis for other groups to
further optimize the individual methods and workflow.

6.2 Future Research
A weakness of the research was the small sample size for each mini-study and the
mock evidence evaluation of the proposed workflow. Further evaluation of the workflow with a
larger sample size should improve the strength of the findings. Additional evaluation of
automated extraction methods compared to the Chelex-Tween method would be a valuable
potential improvement to the workflow. Implementation of an automated silica-based extraction
method would increase laboratory efficiency by allowing the analyst “walk away time”, or time
not actively working at the bench. An automated method would also minimize the opportunities
for contamination or sample switches.
The vacuum swab technique demonstrated success as seen in the work conducted by
Hopkins (2020), McLaughlin et al. (2021), and through this research. Evaluation of different

swab materials, such as nylon flocked swabs, polyester flocked swabs, or foam swabs in lieu of
cotton swabs may further optimize the technique and improve DNA collection. Dry/dry
swabbing with the polyester flocked swab in the extraction method and Questioned Documents

mini-studies showed comparable DNA recovery to the vacuum swab method with the traditional
cotton swab.
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Development of a novel swab holder similar in structure and function to the modified

Pasteur pipette would allow for commercial manufacturing and improve implementation of this
DNA collection method. Creating a scalable product would also create an opportunity to test this
method with other porous evidence substrates.

A comparative evaluation of 1,2-indanedione zinc chloride treatment to DFO
treatment for latent print processing may be valuable prior to implementation in a laboratory
setting. The quality and detail of prints developed with both treatments is comparable; however,
the development time is longer for samples treated with DFO (Wiesner et al., 2001). Initially,
DFO was not considered as a chemical treatment due to high heat needed to develop prints and
the likely detrimental effect on subsequent DNA sampling. Because now the workflow includes
DNA sampling prior to additional examinations, use of DFO would not impact the DNA
recovery, but may improve latent print outcomes. Evaluation to show comparable success with
DFO may increase the likelihood for implementation of the workflow in the crime laboratory
setting due to the common usage of the chemical for latent fingerprint treatment.
The research completed was comprehensive; however, opportunities for further
optimization arose from initial observations. Improvements in extraction method, swab material
used for vacuum swabbing, and comparison of latent print treatment methods would positively
impact evidentiary outcomes.
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CHAPTER 7. CONTRIBUTIONS TO FORENSIC SCIENCE
Paper is a challenging substrate for recovering DNA evidence. Traditional direct cutting
methods have shown mixed results for DNA recovery. The modest success in DNA recovery
may be attributed to the paper type, size, weight, texture, and composition. Rougher substrates
tend to better retain DNA deposits, which would explain why more DNA could be recovered
from porous paper of rougher texture, as seen in the manila envelope samples (van Oorschot et
al., 2010; Hopkins, 2020).
While the DNA processing of paper evidence was an important element of the research,
the flow of the paper evidence through a multi-discipline laboratory was the primary focus.
Many steps in the Questioned Document exam and Latent Print exam may introduce exogenous
DNA to the evidence if sterile technique and clean work areas are not maintained. With that in
mind, a variety of workflows were tested to determine the best approach for processing the
evidence to minimize the likelihood for contamination and maintain the evidence integrity for
processing by all three disciplines. Ultimately, the flow of paper from DNA to Questioned
Documents to Latent Prints was shown to be optimal for recovering the most probative
information from the evidence.
Through a comparison of sampling methods, the novel vacuum swab method was
selected for use with the integrated workflow (McLaughlin et al., 2021). Comparison of a variety
of manual extraction methods also showed the Chelex-Tween method was best suited for
processing swabs from paper evidence. While DNA was successfully collected and purified with
these methods, the collection and extraction methods described here may also serve as a basis for
further optimization to improve paper processing outcomes in the relevant forensic community.
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The proposed method with its improved DNA recovery and demonstrated success rates
for paper evidence should positively impact DNA testing laboratories after implementation.
Improved DNA recovery will lead to more direct comparison or database eligible DNA profiles.
The full implementation of the integrated workflow may be more challenging; however,
the latter portion of the workflow, processing by Questioned Documents, then Latent Prints,
already follows the traditional flow of paper evidence in multi-discipline laboratory systems
(Moore, 1988). Processing for DNA prior to Questioned Documents and Latent prints will
require coordination amongst the disciplines. The DNA discipline will need to create or adjust
case acceptance policies to specify what types of paper evidence are suitable for processing.
The potential increase in caseload of paper evidence may require the addition of
personnel or shifting of existing resources. This need will depend on the number of paper cases
submitted for testing each month. The increase in paper examinations for DNA will also increase
the number of samples brought to extraction, which can be justified with the improved number of
investigations aided from paper evidence. The integrated workflow should improve case
outcomes for all paper evidence because paper will be sampled for DNA, Questioned
Documents, and Latent Prints.
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APPENDIX I.

Reagent Preparations and Recipes
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A1.

Vendor Information

A1.1

Extraction recipes

A1.1.1 5% Chelex
Add 2.5 g Chelex resin to a 50 ml conical tube. Fill conical tube to 50 ml with deionized
water and agitate to mix. Store at room temperature.

A1.1.2 10% Tween 20
Add 5 ml Tween 20 to a 50 ml conical tube and fill tube to 50 ml with deionized water.
Swirl and vortex to mix. Store at room temperature.

A1.1.3 0.1% Triton X-100
Add 5 µl Triton X-100 to a 15 ml conical tube and bring volume up to 5 ml with
deionized water. Aliquot 200 µl into 0.5 ml tubes. Store at room temperature.
A1.1.4 TE-4 Buffer
Add 10 ml Tris-HCl 1M pH 8.0, 0.2 ml 0.5M EDTA pH 8.0, and 990 ml deionized water
to a 1 L glass bottle. Invert and shake to mix. Store at room temperature.

A1.1.5 DNA IQ digest buffer
Add 10 ml Tris-HCL pH 7.5 1M, 20 ml EDTA 0.5M, 10 ml NaCl 5M, 25 ml 20% (w/v)
SDS, and 935 ml deionized water to a 1 L glass bottle. Swirl and invert until all components
dissolved and mixed. Store at room temperature.

A1.1.6 13.5 mg/ml Proteinase K
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Mix 100 mg Proteinase K with 7.4 ml deionized water until dissolved. Distribute into 10
µl aliquots and store at -20°C.

A1.2

Microcon preparation and pre-treatment

To prepare a Microcon-tube assembly for use, place Microcon filter into filtrate tube and
irradiate with UV light for at least 20 minutes. Add 200 µl of TE-4 buffer to the filter and
centrifuge at maximum speed (20,000 x g) for three minutes. Place Microcon filter into new
tube.

A1.3

Latent Print Recipes

A1.3.1 Ninhydrin solution
Add 6 g of ninhydrin crystals to 1000 ml of acetone in a large glass bottle. Mix until crystals
dissolve. Store at room temperature.

A1.3.2 1,2-indanedione zinc chloride solution
To make the zinc chloride stock, add 0.2 g zinc chloride powder and 5 ml of ethanol
(95%) to a beaker containing a magnetic stirring bar. Stir until powder is dissolved, then 0.5 ml
ethyl acetate and 95 ml of HFE-7100 while stirring and mix for five minutes. Transfer solution to

amber bottle and store at room temperature.
To prepare 1,2-indanedione zinc chloride solution, add 0.4 g 1,2-indanedione powder to a
beaker containing a magnetic stirring bar. Add 45 ml of ethyl acetate, 5 ml glacial acetic acid,

and 40 ml of zinc chloride stock solution and stir. Add 410 ml of HFE-7100 and stir until all
powder is dissolved. Transfer solution to an amber bottle and store at room temperature.
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APPENDIX II.

Extraction Comparison Data and Charts
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Table A2.1
Quantitation data for all extraction-sampling method combinations
Subject
006C
007C
008C
006C
007C
008C
006C
007C
008C
006C
007C
008C
006C
007C
008C
006C
007C
008C
006C
007C
008C
006C
007C
008C
006C
007C
008C
006C
007C
008C
006C
007C
008C
006C
007C
008C

Extraction type
QIAamp
QIAamp
QIAamp
QIAamp
QIAamp
QIAamp
QIAamp
QIAamp
QIAamp

Collection method
direct cutting
direct cutting
direct cutting
wet/dry swabbing
wet/dry swabbing
wet/dry swabbing
dry/dry swabbing
dry/dry swabbing
dry/dry swabbing
direct cutting
direct cutting
direct cutting
wet/dry swabbing
wet/dry swabbing
wet/dry swabbing
dry/dry swabbing
dry/dry swabbing
dry/dry swabbing
direct cutting
direct cutting
direct cutting
wet/dry swabbing
wet/dry swabbing
wet/dry swabbing
dry/dry swabbing
dry/dry swabbing
dry/dry swabbing
direct cutting
direct cutting
direct cutting
wet/dry swabbing
wet/dry swabbing
wet/dry swabbing
dry/dry swabbing
dry/dry swabbing
dry/dry swabbing

Simple Lysis/Microcon
Simple Lysis/Microcon
Simple Lysis/Microcon
FGEM SexCrime kit
FGEM SexCrime kit
FGEM SexCrime kit
FGEM SexCrime kit
FGEM SexCrime kit
FGEM SexCrime kit
Chelex-Tween method
Chelex-Tween method
Chelex-Tween method
Chelex-Tween method
Chelex-Tween method
Chelex-Tween method
Chelex-Tween method
Chelex-Tween method
Chelex-Tween method
Direct to PCR
Direct to PCR
Direct to PCR
Direct to PCR
Direct to PCR
Direct to PCR
Direct to PCR
Direct to PCR
Direct to PCR
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Conc. (ng/µl)
0
0
0
0
0.0015
0.0004
0
0.0002
0.0009
0
0.0014
0
0
0
0
0
0.0001
0.0003
0
0
0
0.0002
0.0033
0.0011
0.0001
0.0033
0.0028
0
0
0
0
0.0001
0
0
0.0003
0.0007

Table A2.2
Statistical data for sampling methods
Sampling
method
direct cutting
dry/dry swab
wet/dry swab

Average Conc.
(ng/µl)
0.0001
0.0007
0.0005

Maximum

Minimum

Std. Dev.

0.0014
0.0033
0.0033

0
0
0

0.0004
0.0011
0.0009

Table A2.3
Statistical data for extraction methods
Extraction
method
Simple
Lysis/Microcon
Chelex-Tween
QIAamp
ForensicGEM
Direct to PCR

Average Conc.
(ng/µl)

Maximum

Minimum

Std. Dev.

0.0004
0.0012
0.0003
0.00006
0.0001

0.0014
0.0033
0.0015
0.0003
0.0007

0
0
0
0
0

0.0008
0.0014
0.0005
0.0001
0.0002

Table A2.4
Average quantitation values for extraction and sampling methods together
Method
QIAamp + Direct cutting
QIAamp Wet/dry
QIAamp + Dry/dry
Simple Lysis/Microcon + Direct cutting
FGEM SexCrime kit + Wet/dry
FGEM SexCrime kit + Dry/dry
Chelex-Tween method +Direct cutting
Chelex-Tween method + Wet/dry
Chelex-Tween method + Dry/dry
Direct to PCR + Direct Cutting
Direct to PCR + Wet/dry
Direct to PCR + Dry/dry
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Average quantitation
value(ng/µl)
0
0.0006
0.0003
0.0004
0
0.0001
0
0.0015
0.002
0
0.00003
0.0003

Figure A2.1
Summary of multiple regression for extraction method and sampling method predictors for
quantitation value

Figure A2.2
Contrasts for multiple regression summary in Figure A2.1
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Table A2.5
Extraction study STR peaks observed
*ND = no data; highlighted samples demonstrated peaks at or above the lower analytical
threshold

Donor

Extraction

Sampling method

006C
007C
008C
006C
007C
008C
006C
007C
008C
006C
007C
008C
006C
007C
008C
006C
007C
008C
006C
007C
008C
006C
007C
008C
006C
007C
008C
006C
007C
008C
006C
007C

QIAamp
QIAamp
QIAamp
QIAamp
QIAamp
QIAamp
QIAamp
QIAamp
QIAamp
Simple Lysis/Mcon
Simple Lysis/Mcon
Simple Lysis/Mcon
FGEM SexCrime kit
FGEM SexCrime kit
FGEM SexCrime kit
FGEM SexCrime kit
FGEM SexCrime kit
FGEM SexCrime kit
Chelex-Tween method
Chelex-Tween method
Chelex-Tween method
Chelex-Tween method
Chelex-Tween method
Chelex-Tween method
Chelex-Tween method
Chelex-Tween method
Chelex-Tween method
Direct to PCR
Direct to PCR
Direct to PCR
Direct to PCR
Direct to PCR

direct cutting
direct cutting
direct cutting
wet/dry swabbing
wet/dry swabbing
wet/dry swabbing
dry/dry swabbing
dry/dry swabbing
dry/dry swabbing
direct cutting
direct cutting
direct cutting
wet/dry swabbing
wet/dry swabbing
wet/dry swabbing
dry/dry swabbing
dry/dry swabbing
dry/dry swabbing
direct cutting
direct cutting
direct cutting
wet/dry swabbing
wet/dry swabbing
wet/dry swabbing
dry/dry swabbing
dry/dry swabbing
dry/dry swabbing
direct cutting
direct cutting
direct cutting
wet/dry swabbing
wet/dry swabbing
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Peaks
above
LAT
0
0
0
0
1
0
0
0
0
0
0
0
0
0
0
0
0
0
ND
ND
0
0
6
3
0
14
5
ND
0
ND
0
0

Peaks
below
LAT
0
0
0
0
9
0
0
0
14
0
0
0
0
0
0
0
0
0
ND
ND
0
0
10
9
0
10
13
ND
0
ND
0
0

Peaks
above
AT
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
ND
ND
0
0
0
0
0
0
1
ND
0
ND
0
0

Total
peaks
observed
0
0
0
0
10
0
0
0
14
0
0
0
0
0
0
0
0
0
0
0
0
0
16
12
0
24
19
0
0
0
0
0

008C
006C
007C
008C

Direct to PCR
Direct to PCR
Direct to PCR
Direct to PCR

wet/dry swabbing
dry/dry swabbing
dry/dry swabbing
dry/dry swabbing

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

Figure A2.3
Summary of linear regression for quantitation value and number of peaks observed in DNA
profile
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APPENDIX III.

Stability Study Data and Charts
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Figure A3.1
Grubbs Test summary

Figure A3.2
One-way ANOVA summary
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Figure A3.3
Multiple regression summary
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APPENDIX IV.

Optimization of Workflow Data and Charts
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Figure A4.1
Regression summary for latent print study: chemical treatment, application method and
number of prints detected
For LP. TreatmentNinhydrin: 0=1,2-indanedione zinc chloride, 1=ninhydrin
For methodspray: 0=dip, 1=spray

Figure A4.2
T-test summary for latent prints of value chemical treatment means for LP study
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Figure A4.3
Regression summary for chemical treatment and application on the quantitation value for LP
study

Figure A4.4
Regression summary for sampling conditions on quantitation value for QD study
For swab.methodvacuum: no vacuum=0, vacuum=1
For Swabbingswab paper: swab film=0, swab paper=1, swab paper_film=0
For Swabbing swab paper_film: swab film=0, swab paper=0, swab paper_film=1
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Figure A4.5
Regression summary for sampling conditions on number of latent prints of value for QD study
For swab.methodvacuum: no vacuum=0, vacuum=1
For Swabbingswab paper: swab film=0, swab paper=1, swab paper_film=0
For Swabbing swab paper_film: swab film=0, swab paper=0, swab paper_film=1
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Figure A4.6
Regression summary for sampling conditions and number of latent prints of value on
quantitation value
For swab.methodvacuum: no vacuum=0, vacuum=1
For Swabbingswab paper: swab film=0, swab paper=1, swab paper_film=0
For Swabbing swab paper_film: swab film=0, swab paper=0, swab paper_film=1
LP.TOTAL.VALUE measured in integers
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Figure A4.7
Regression summary for vacuum swabbing conditions on the number of latent prints of value
For Glass_plastic: glass=0, plastic=1
For W_D: dry=0, wet=1
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Figure A4.8
Regression summary for vacuum swabbing conditions on the quantitation value
For Glass_plastic: glass=0, plastic=1
For W_D: dry=0, wet=1
For Extraction: Chelex-Tween=0, ForensicGEM=1
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Figure A4.9
Regression summary for vacuum swabbing conditions and latent prints of value on the
quantitation value
For Glass_plastic: glass=0, plastic=1
For W_D: dry=0, wet=1
For Extraction: Chelex-Tween=0, ForensicGEM=1
LP.total as an integer

Figure A4.10
One-way ANOVA summary for evaluation of means of vacuum swabbing methodscomparison of wet vs dry and glass pipette vs plastic pipette tip
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APPENDIX V.

Mock Casework Data and Charts
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Figure A5.1
Summary of t-test for quantitation value vs paper type

Figure A5.2
Summary of linear model for quantitation value and time since last handwashing

Figure A5.3
Summary of t-test for quantitation value and interpretable profile
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Figure A5.4
Summary of multiple regression model for factors predicting interpretability of DNA profile
Percentage as an integer
Paper.type: copy paper=0, notepad paper=1
Quant as an integer in ng/ul
Time.since.handwashing..minutes.. as an integer in minutes
LP.value.total as an integer
dropout: no=0, yes=1
number.contributors as an integer
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Figure A5.5
Summary of t-test for number of latent prints of value by paper type

Figure A5.6
Linear regression summary for latent prints of value versus time since last handwashing

Figure A5.7
Summary of t-test for number of latent prints of value and interpretable profile
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APPENDIX VI.

Success Rates for Different Paper Substrates Data and Charts
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Figure A6.1
Summary of one-way ANOVA for quantitation value and paper type

Figure A6.2
Summary of t-test for quantitation value and interpretability of DNA profile
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